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The growing demand for meat worldwide by the increasing human population (6.8 billion) 
calls for an increase in livestock production as well as attention to environmental 
sustainability. Production increases are critical especially in Africa with the highest annual 
population growth rate (2.5%), where most communities rely on livestock for protein supply. 
Attempts by intensive livestock farming to optimize production are limited by fibrous quality 
feeds (roughages) and their unavailability in both developed and developing countries. The 
overall objective of this study was to scan both domestic and wild herbivores in search for 
microbial ecosystems with superior fibrolytic potential that can be used as feed additives.  It 
was hypothesized that microbes from wild herbivore can improve fibrous feed breakdown in 
domesticated ruminants. 
 
Experiment 1 evaluated the use of fresh or in vitro cultured faecal inoculum (FF) from two 
Jersey cows as a potential substitute for rumen fluid (RF). Cultured FF was a better substitute 
for fresh RF as demonstrated by percentage differences in exocellulase activity (0.4%) and 
true degradability (TD) (7%), compared to the differences observed between fresh RF and FF 
for exocellulase activity (33%) and TD (14%). It was applied in subsequent experimentation 
because it was cost effective (no surgery and reduced sample collection time).  
 
The second experiment compared the fibrolytic competence of cultured faecal inocula from 
three hindgut fermenters (miniature horse (mH), horse (H) and Zebra (ZB)) in summer and 
winter grazing in their natural environment. Both cellulase enzyme assays (exocellulase, 
endocellulase and hemicellulase) and in vitro maize stover digestibility study ranked the 
herbivores according to their fibrolytic competence as ZB > H > mH.  
 
The effect of cultured faecal inocula from H, ZB and wildebeest (WB) and its combined 
systems (N1=H+WB, N2=H+ZB, N3=WB+ZB and N4=H+WB+ZB) on the fermentation of 
maize stover were also evaluated in vitro. Both enzyme assays and MS degradability studies 
showed that the combined systems were higher (P<0.01) in fibrolytic activities compared to 
the individual systems. The microbial ecosystems were ranked as N1 > N2 > N4 > H > ZB > 
 iii 
WB >N3; and N3 > N1 > N4 > WB > N2 > ZB >H by their exocellulase activity and 
degradability parameters, repetitively. The diversity of microbial ecosystems was confirmed 
by numerous active carboxymethyl cellulase bands present on a carboxymethy cellulose 
zymograms in experiment 4. The combined microbial ecosystems contain more active and 
variable bands of cellulases than in the individual microbial ecosystems. Systems N3 and N1 
were considered as the best inocula for rumen transinoculation studies. 
 
Experiment 5 assessed the in vivo effect of direct-fed microbials from N1 and N3 on MS 
degradation, ruminal fermentation characteristics and cellulase enzyme profile in sheep. Feed 
dry matter intake increased (P<0.03) in N1 but tended to increase when inoculated with N3. 
The treatments, N1 and N3 increased (P<0.05) rumen exocellulase (9.4 and 33.2%, 
respectively) and endocellulase (82.1 and 47.1%, respectively) specific activities but not 
hemicellulase activity. Maize stover degradability parameters for N3 (TD, degradability of the 
insoluble fraction of MS, effective degradability, total SCFA and propionate) measured after 
96 h of incubation tended (P>0.05) to be numerically different (1.1, 5.4, 7.1 and 7.9%, 
respectively). Increase in propionate for N3 was accompanied by higher total SCFA and lower 
CH4. A decrease in CH4 and no difference in CO2 allow both systems to be environmentally 
friendly since they have been associated with global warming.  
 
These studies showed that direct-fed microbials from N1 and N3 inocula have the potential of 
improving the utilization of maize stover feeds in ruminants, particularly in view of its 
simplicity and availability which allows it to be implemented at a relatively lower cost 
compared to other specific strains or microbial cultures. However, more research is required to 
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All living systems require some form of energy in order to operate, which may be food, 
chemical, kinetic or solar energy. Food energy is the most common form of energy utilized by 
living organisms with carbohydrates being the most abundant and main source of metabolic 
energy for plants and animals. Carbohydrates are the major substrate through which energy of 
the sun is harnessed and converted into a form that can be utilized by man and other animals. 
Therefore, they are the primary products of photosynthesis (Laisk et al., 2006). Photosynthesis 
is an endothermic reduction condensation of carbon dioxide that harnesses light energy in the 
presence of the plant pigment chlorophyll to produce carbohydrates and oxygen (Equation 1). 
 
Equation 1.0          nCO2   +  nH2O + energy (light)                         CnH2On + nO2 
                                     n = natural numbers 
Although carbohydrates are known to be the major source of energy for plants and animals, 
they also play a vital role as structural components in the plant cell wall (cellulose) as well as 
in the animal cell membrane (glycolipids). They serve as components of recognition sites on 
cell surfaces (glycoprotein, e.g. immunoglobulins) and as essential components of 
Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) molecules (ribose sugars) (Freier 
and Karl-Heinz, 1997; Lindqvist et al., 2000), which are informative molecules. 
  
Carbohydrates are defined as carbon hydrates with respect to their molecular formula 
Cn(H20)n. Peter (1990) further separated them chemically into hydroxyl aldehydes or ketones 
and their derivatives. Simple carbohydrates are called monosaccharides, saccharides or sugars 
(e.g. glucose, ribose and galactose) while the complex forms include cellulose, starch, 
glycogen and hemicelluloses. They have also been classified as soluble or non-soluble 
carbohydrates depending on their interaction with water molecules. Plants are the major 
source of carbohydrates with cellulose (fibre) being the most plentiful polysaccharide in 
nature (Schwarz, 2001), contributing 200-400 g/kg of most abundant plant tissue (Van Soest, 
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1982). Because of cellulose complexity, the rate of consumption varies from one animal to 
another.  
 
Ruminal microbes are responsible for fibre breakdown in ruminant forestomach. These 
microbes include bacteria, protozoa and fungi (Flint, 1994; Fonty and Gouet, 1994). They are 
anaerobic since the rumen environment is known to be oxygen deficient (Kamra, 2005). 
However, Brooker et al. (1994) reported that the rumen environment is not completely 
anaerobic, as it is inhabited by facultative bacteria such as Streptococcus caprznus, which help 
to eliminate traces of oxygen entering the rumen.  
 
The distribution of cellulose in plant tissue varies from one plant species to another as well as 
in different parts of the same species (leaves, stems and fruits) (Ouda et al., 2006; Sun et al., 
2009). Due to these differences, animals have evolved to select and consume different 
components of plants and vegetation depending on their mouth parts and designs of their fore- 
and hindgut fermentation chambers (Church, 1988). There are a large number of extant 
species of ruminants found in different ecosystems harbouring a variety of microbes. Hofmann 
(1998) demonstrated that flora variation among ecosystems as well as seasonal availability of 
forages influence the nutritional habits of these animals. The extant species were classified 
according to the physiological evidence obtained from fibre hydrolyses into a flexible system 
of three overlapping morphological feeding types: concentrate selectors (CS), intermediate 
selectors (IM) and grass and roughage feeders (GR).  
 
Concentrate selectors (e.g. giraffe) feed on easily digestible forages such as shrubs and fruits 
while GR graze mainly on grasses (e.g. buffalo and cattle). Intermediate selectors alternate 
between CS and GR (e.g. goat). According to Hofmann (1998), climatic conditions, habitat 
pressure, behavioural patterns and ecological opportunities have a great influence on ruminant 
diversity. Despite the variation of the above factors ruminants have been able to maintain two 
generic futures such as a complicated morphological master plan of the ruminant digestive 
system and an incredible flexible adaptation that extends from the level of one animal to 
another. As one moves from CS to GR, salivary gland regress while the rumen cavity 
increases in size. These adaptations are flexible, such that seasonal variations with the 
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availability of forages are common, e.g. increase gland secretion in goats in summer 
(Hofmann, 1998).  
 
Livestock production is often not cost-effective in the dry season (winter) especially in 
developing countries where feed quality, quantity and availability of grazing pastures are 
limited. During this period, feed shortages and poorer feed qualities are the major problems 
faced by livestock farmers.  In developed countries, where resources and technologies are 
more advanced and available, this is not a major problem as feeds of higher qualities (Leng, 
1996; Dominguez Bello and Escobar, 1997) can be stockpiled in preparation for such periods. 
In developing countries, animals are malnourished and lose body weight due to long journeys 
in search of pastures (Leng, 1996; IFAD, 2004).  Some farmers even sell up to 80% of their 
livestock during this period at low prices so as to avoid the loss of animal through death.  
However, during this period crop residues and agro-industrial by-products, which have feed 
potentials, are often abundant but not exploited (Leng, 1996).  The lack of information about 
the nutritional potential of crop residues limits its application by small scale farmers.  Maize is 
the highest crop fodder production in the world and third cereal produced (Butler, 2007). This 
implies that maize stover residues are abundant but are not properly utilized, especially in 
Africa, where it is often burnt, ploughed back into the soil or allowed to be grazed on farm 
(Yang et al., 2008).  Sensitizing small scale farmers on the feed potential of crops residues 
especially maize stover is important in improving livestock production. 
 
Low hydrolysis of high fibre forages or crop residues by herbivores is a major problem as 
little of the total intake is converted into feed energy (Leng, 1990; Leng, 1996). Less than 30% 
of the total fibre consumed by ruminants is converted into chemical energy while the rest is 
excreted as waste. This implies that metabolic substrates are far less than that which is lost in 
faeces. The review will be looking at maize stover as the main crop residue, the factors 
influencing its usage as a forage feed, scans through the complexity of fibre, its association 
with other components of the plant cell wall, factors influencing its hydrolysis and different 
fibre additives. At the end of the review, a possible mechanism will be hypothesized, 
attempting to improve fibre hydrolysis with regards to the available information acquired from 
the substrates and microbial activity from different ecosystems.  
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1.1 Overall objective 
The broad objective of the study was to identify microbial ecosystems with high fibrolytic 
activities and investigate their fibrolytic potential when merged both in vitro and in vivo. 
1.2 Specific objectives of the study 
 
The specific objectives of the study were to: 
 Investigate the difference between fresh or laboratory cultured inocula for ruminant in 
vitro feed evaluation; 
 Compare the fibrolytic activity of microbial ecosystems in three hindgut fermenters; 
 Manipulate rumen or hindgut ecology in vitro with microbes from the most active 
ecosystems (wildebeest, horse and zebra); 
 Monitor cellulase production from five in vitro herbivore microbial ecosystems and 
their combined systems; and 
 Manipulate the sheep rumen ecology with microbes from the two most active in vitro 




















2 Maize stover as a feed and microbial energy generator in herbivores 
 
Livestock production can be defined as the art of attempting to increase livestock population. 
Factors such as pasture, fodder production and utilization, improved supplementation of 
ruminant diet, optimum management techniques, processing of animal products and improved 
animal techniques influence livestock production. Livestock production accounts for about 
30% of the gross value of agricultural production in Africa (Seré, 2004). Seventy percent of 
the rural poor in Africa own livestock and about 200 million rely on it for income (sales of 
meat, skin or milk) (Thornton et al., 2002; World Resources Institute, 2005; FAO, 2010). 
McDowell (1988) also reported that smallholder crop-livestock farming contributes 60-70% of 
ruminants in sub-Saharan Africa. Although humans are more related to herbivores than 
carnivores, most herbivores still depends on meat for protein supply (IFAD, 2004). In most 
Southern African countries, starch is the most abundant foodstuff, while plant protein sources 
are limited, especially among the poor communities. Given the rising demand for animal 
protein in diets due to the expanding human population both in developed and developing 
countries (Thornton et al., 2002; IFAD, 2004), there is an urgent need to increase livestock 
production.  
 
Livestock production has been classified into four main groups by Otte and Chilonda (2002). 
These systems are: (I) grassland based systems (Grazing systems), based solely on livestock in 
which more than 90% of the dry matter (DM) fed to animals comes from range lands, pastures 
or home grown forages; (II) rain-fed mixed farming of which more than 10% of the DM fed to 
animals comes from crop by-products or more than 10% of the total value of production 
comes from non-living farming activities. In these systems, more than 90% of the value of non 
livestock farm produce comes from rain-fed land use; (III) Irrigated mixed farming systems, 
which is similar to the above farming system but more than 10% of the value of non-livestock 
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farm produce comes from irrigated land use; and (IV) landless livestock production systems 
(industrial systems), that are solely livestock with 10% or less of the DM fed to animals being 
farm produced. 
 
In most African countries, large-scale systems, such as ranching, commercial farming and co-
operative farming, still account for a relatively small proportion of  agricultural output 
whereas small scale farming systems, such as pastoralism, irrigated mixed farming, agro-
pastoralism and mixed small holder farming, accounts for most of the agricultural products 
(IFAD, 2004). However, large scale farming systems such as ranching and irrigated mixed 
farming systems are rapidly growing in sub-Saharan countries. Therefore, improving policies 
and available resources to promote such farming systems in these countries will be beneficial. 
 
Modern farming systems are characterized by large capital requirements and employment of a 
large labour force. These characteristics are prominent in developed countries. Whereas 
traditional livestock production systems are characterized by family labour and extensive use 
of land (Wilson and MacLeod, 1991; Wilson, 1991) in developing countries, especially in sub 
Saharan Africa. In the temperate or developed countries, ruminant production systems mainly 
use high quality ingredients in formulating feeds, which, in turn, support high production rates 
close to the genetic potential (Leng, 1996; Hall and Silver, 2001). In traditional livestock 
production, animals graze predominantly on natural pastures (often of low nutritional value). 
Often the grazing land is not easily farmed on or too infertile for cropping.  
 
Seasonal variation of the quality, quantity and availability of grazing pastures is also a major 
problem in tropical countries. In the raining season (summer) the grazing pastures are 
available and of a higher quality whereas in the dry season (winter) the animals suffer severe 
nutritional stresses due to the poor nutritional value of pastures and shortages in supply (Smith 
et al., 1989; FAO, 2010). During this period of nutritional shortages, animals waste a lot of 
energy as they have to walk long distances in search of food and water. As a result of these 
adverse conditions and nutritional deficiencies, animals lose weight (Alaku and Moruppa, 
1983), poor body condition, low milk yield, low conception rates and increased calf 
mortalities are also prominent (Zerihun and Oba, 2004). Such factors can contribute to heavy 
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economic losses to small scale farmers. Although there is a scarcity of quality pastures in 
winter, crop residues (by-products) and agro-industrial by-products that have feed potentials 
are often abundant (Saleem, 1995). 
 
2.1 Crop residues 
Crop residues are materials generated after harvesting (Dixon and Egan, 1987). They are 
produced on farm and are wide-spread geographically. They are invariably fibrous, low in 
digestibility and nitrogen content.  The types of crops grown in an area determine the nature of 
crop residues produced in that region. Table 2.1 shows the common crop residues in sub-
Saharan countries. 
 
















2.2 Agro-industrial by-products 
 
Agro-industrial by-products are produced by agricultural companies indulged in the 
processing of a specific crop or animal product. Some of these by-products have been studied 
and classified according to their feed potentials (Bistanji et al., 2000). These by-products vary 
Crop residues Crop residues 
Cereals:   
Maize stover cobs 
Sugar cane bagasse Tops 
Wheat straw  
Millet stover  
Rice straw hulls 
Sorghum stover Threshed heads 
Legumes:   
Groundnut halms hulls 
Soya bean straw  
Cottonseed stalks hulls 
Sunflower heads hulls 
 8 
from one country to another depending on the availability of industries. Although the type of 
crop produced in a particular region influences the type of by-product produced, this is not 
always the case as developed countries with huge industries tend to import such crops from 
developing countries without processing facilities. Examples of industrial by-products are: 
bagasse, oilseed cake, molasses, maize milling by-products and brewer‘s wastes.  
 
Kossila (1988) showed that crop residues account for more than 25% of the total energy 
suitable for ruminant livestock production in both developed and developing countries. This 
implies that if crop residues, as well as agro-industrial by-products, are used in the right 
proportion for feed formulation, production will definitely increase. However, in developing 
countries where these facilities are limited, an introduction of on farm technologies as well as 
sensitizing small scale farmers on how to manage crop residues would definitely have a 
positive influence on livestock production. Maize is one of the world‘s food-providing crops 
for human and crop residues both in the developed and developing countries.  
 
2.3 Maize realities 
 
 
Gramene website (2006). 
Figure 2.1  Statistics of production and consumption of maize in the world 
 
After wheat and rice, maize is the third most produced grain in the world (Kossila, 1988; 
Butler, 2007). Although it is the third in terms of grain production, it tops the chart of crop 
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fodder production world wide (Kossila, 1988). About 1816 and 340 million tones of maize 
fodder are produced annually both globally and in Africa, respectively (Reddy et al., 2003). 
Maize is a staple food source in many countries (e.g. corn flakes, porridge, pap, ―fufu‖ etc.). 
Porridge and cakes are the common meals made from maize. Industrial products from maize 
include: maize oil, maize starch, syrup, dextrose, alcohol, ethanol, high fructose corn syrup, 
grits, flour and additives in paints and explosives. There are about 4000 industrial products of 
maize. World production of maize has increased tremendously over the past decades but 
human consumption is increasing slowly (Figure 2.1). This increment has been associated 
with the increase in demand for feed production. 
 
Maize grain has been fed to both ruminants and non-ruminants as concentrates (Tolera et al., 
1998; Dhakad et al., 2002; Garg et al., 2004). However, maize stover, which is the non-grain 
portion of the maize plant is an important supplement of feed (Gertenbach et al., 1998). Maize 
stover fractions include the stalk, leaf, cob and husk. It is the most abundant and available crop 
residue in the world. In most African countries maize stover (MS) is abundant but has not 
been fully exploited. This is due to the fact that small scale farmers have very little or no 
knowledge of processing, storage or formulating feed using MS (Aregheore and Chimwano, 
1991). The consequence of this is that MS is regarded as an environmental nuisance and is 
discarded either by burning (Yang et al., 2008) or by ploughing into the soil (Aregheore, 
1994).  Crop residues are also lost through conservation agricultural practices which involves 
leaving some crops residues on farm after harvesting as to protect the soil and to help sustain 
productivity gains over time (Erenstein, 2011). 
 
2.4 Factors affecting the nutritional valuevof maize stover 
 
The chemical components of MS (leaf blade, leaf sheath, stem, husk and tassel) have been 
analysed by many researchers (Tolera et al., 1999; Tolera and Sundstøl, 1999; Undi et al., 
2001; Sun et al., 2009). Crude protein (CP), neutral detergent fibre (NDF), acid detergent fibre 
(ADF), lignin, cellulase, hemicellulase, total proanthocyanidins (TPA) and tannins are the 
main chemical components that have been analysed. Table 2.2 shows the chemical 
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composition of MS morphological fractions harvested at different stages of maturity (Tolera 
and Sundstøl, 1999). 
 
 







sheath Stem Husk Tassel 
Whole 
stover 
DM at harvest (g/kg) I (28%) 804 718 436 761 801 629 
 II (20.2%) 895 882 506 816 890 717 
 III (9.8%) 935 928 760 925 923 918 
 ±SE 25 48 91 35 23 78 
CP (g/kg) I 63 42 38 33 62 48 
 II 58 39 35 30 60 44 
 III 48 38 31 28 52 37 
 ±SE 5 3 2 2 3 4 
NDF (g/kg) I 639 805 744 872 755 746 
 II 656 794 777 882 774 757 
 III 694 800 800 887 796 769 
 ±SE 11 7 17 6 10 7 
ADF  (g/kg) I 319 372 414 379 372 371 
 II 322 382 465 370 380 393 
 III 362 387 475 383 396 408 
 ±SE 9 5 19 3 5 7 
Lignin  (g/kg) I 41 40 51 29 51 46 
 II 43 41 65 30 54 49 
 III 44 48 64 29 59 52 
 ±SE 2 3 3 1 3 2 
cellulose  (g/kg) I 164 288 352 332 277 275 
 II 144 288 385 323 276 307 
 III 215 284 397 335 290 320 
 ±SE 15 4 15 4 6 11 
Hemicellulose  (g/kg) I 319 433 330 493 383 375 
 II 336 412 312 512 394 364 
 III 332 413 325 503 400 362 
 ±SE 4 9 4 8 7 7 
TPA  (A550 nm/g DM) I 16 11 10 5 8 12 
 II 14 11 9 7 8 12 
 III 14 12 8 6 9 11 
 ±SE 1 1 0.6 0.6 0.6 1 







Table 2.3 Chemical composition of eight varieties of maize stover 
Variety Crop residue 
yields 
 (t DM ha
-1
) 
CP NDF ADF Lignin Cellulose Hemicellulose 
 (g/kg) (g/kg) (g/kg) (g/kg) (g/kg) (g/kg) 
DTP1 7.96 31 765 511 55 456 254 
Guto 5.27 28 837 523 58 464 314 
Katumani 5.96 51 758 493 45 448 265 
Birkata 5.90 61 731 454 46 407 278 
CBF 4.19 59 706 500 66 435 206 
Dendane 4.67 46 789 508 53 455 281 
A511 8.35 52 768 493 64 429 274 
Keroshet 5.78 57 810 476 39 437 335 
Mean 6.10 48 770 495 53 441 276 
Modified (Tolera et al., 1999) 
 
Analysis of different varieties of MS showed variation in their chemical composition. Tolera 
et al.  (1999) showed that the crude protein (CP) content of eight varieties of MS was not the 
same though they were cultivated on the same piece of land and treated the same (Table 2.3). 
This was also true for NDF, ADF, lignin, cellulose and hemicellulose contents. This implies 
that careful examination of these varieties would assist in the selection of varieties with 
relatively higher nutritional values for forages.  
 
Since the primary objective of maize production is not for stover production (Tolera et al., 
1998), there is a need to select varieties with higher crop residues without compromising grain 
production if possible. Tolera et al. (1999) found out that drought tolerant population DPT1, 
produced a high yield of stover without compromising grain yield. Variety A551 produced the 
highest stover yield but grain production was greatly compromised. Considering the objective 
of cultivation, DPT1 was considered best for both human and fodder production while A551 
will be preferred for silage. Tolera et al. (1999) suggested that DPT1 should be promoted 





2.4.1  Shearing force as a tool for estimating the nutritional value of maize stover 
 
Shearing force is a parameter that has been used to estimate forage value. Shearing force is the 
maximum force required to cut forages in laboratory experiments. It also denotes the required 
force when animals bite forages (Chen et al., 2007).  It is also said to be related to the 
nutritional value of plant stems. The smaller the shearing force, the richer (nutritional value) 
the stem while the larger the sharing force the poorer the forage quality. Sheep fed with low 
shearing force ryegrass leaves showed higher DM intake than those fed with higher shearing  
force ryegrass (Inoue et al., 1994). Prince et al. (1958) also demonstrated that the shearing 
force required in cutting alfalfa increased with maturity. Iwaasa et al. (1996) later on 
demonstrated that shearing force is affected by the plants age. Factors affecting the shearing 
force of a stem are moisture content, diameter of the stem as well as its chemical constituent 
(Kokubo et al., 1989). This implies that shearing force increases with decreasing moisture 
content because fibre tensile strength is higher when moisture content is low. Correlation 
between sharing force and moisture content of maize stems has been found to be significant 
(Chen et al., 2007). The shearing force required to cut the bottom stem is different to that of 
the top stem (Iwaasa et al., 1995). Therefore shearing force standards would have to be 
determined for both the bottom and the top stem in other to obtain reliable results. Due to the 
simplicity and productiveness of the instrument used in measuring shearing force, it would be 
right to suggest that an introduction of such technologies to small scale farmers might be 
important for proper timing of harvest. 
 
2.5 Factors influencing the use of maize stove as a forage supplement 
 
In Africa, the long dry season is characterized by maturity and wilting of grass, inadequacy 
and poor nutritive value of forages (Nicholson, 1984; FAO, 2010). Feed cost is a major 
problem as broad animal production and profitability is dependent on low feed cost. However, 
there is a large area of crop land interspersing with the grazing land. These crop lands produce 
huge amounts of crop residues with MS being the most abundant. Although MS is abundant, it 
is not fully exploited as a forage supplement especially in Africa. In countries where land is 
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used primarily for cash and food crops production with very little available for fodder 
production, animals are fed in confinement (zero grazing systems). Over grazing is also a 
major problem in many countries with limited land for fodder productions (Gong et al., 2000). 
Maize stover could be a potential supplement for forages in such areas. To fully exploit MS as 
a possible forage supplement especially in the developing world where it is often treated as 
environmental nuisance, the following points would be important:  
2.5.1 Educating the local community of crop residues feed potentials 
 
Most communities are still not aware that MS can be exploited as a forage supplement not to 
mention commercializing. In most sub-Saharan countries, MS is usually grazed on farm as 
standing stalks and often by chance (Njie and Reed, 1995; Onwuka et al., 1997). Small scale 
farmers often consider it as environmental nuisance and are thrown away either by burning or 
ploughing in the soil (Aregheore, 1994; Onwuka et al., 1997; Shafi et al., 2007). Onwuka et al. 
(1997) demonstrated that less than 3% of total maize stover was being utilized at Ogun state in 
Nigeria due to ignorance of its nutritional value. Many sub-Saharan countries including 
Zambia (Aregheore, 1994), Malawi and Zimbabwe (Manyuchi et al., 1994) are already taking 
cognizance of MS as a forage supplement due to shortages and high cost of forages during the 
long dry seasons. Extension programmes educating rural farmers on the importance of MS as 
a possible forage supplement would be vital in reducing feed cost.  
2.5.2 Nutritional value of maize stover 
 
The recognition of MS as a forage is not only based on its relative abundance but on its fast 
growth, nutritional quality, high palatability and digestibility. The leaves are more palatable 
and digestibile than the stem. The relatively high digestibility was associated to its relatively 
high CP and mineral content (Tolera and Sundstøl, 1999) when compared to other fibrous 
forages. Harika et al. (1995) contributed by stating that the quality of MS also depends on the 
proportion of leaf and stem fractions. Tolera and Sundstøl (1999) confirmed that the chemical 
composition did not only vary within varieties but among varieties (Table 2.2 and 2.3). In the 
same study they also established that varieties A511 and DTP1 produced the highest crop 
residues among eight varieties. However, production of maize residues was greatly 
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compromised in A511 for maize residue while grain and stover yields were very high in 
DPT1. Crude protein content of DPT1 was 246% higher than observed in A511. Therefore, 
choosing the right verities for fodder production is very important.  
 
 An input in technological change (e.g. improved varieties) is important for the transformation 
of local communities, but it sometimes by-passes some local communities because of 
production and price risks that could render input use unprofitable (Kelly et al., 2003). Use of 
improved, high yielding MS varieties by small scale farmers can mean the difference between 
improve livelihood and staying trapped in poverty and hunger. It is obvious that poor farmers 
are reluctant to invest in new varieties due to their limited cash resource or access to credit. In 
Nepal showed that less than 60% of all village development communities used improved 
varieties while only 15% did in the most remote village development committees (Ransom et 
al., 2003). Biofortified plants (micronutrient-dense crop varieties developed through 
conventional plant breeding) are the latest plant varieties in the market. Although such plants 
are initially engineered to replenish micronutrient undernourishment in human, they can also 
be important for herbivores. Iron, zinc and provitamin A are the main micronutrients that have 
been identified by WHO to be limiting in diets of the poor (WHO, 2002). Research is often 
influenced by micronutrient deficiency with regards to the stable food or forage in a particular 
region (Ortiz-Monasterio et al., 2007). Although there have been some success in zinc and 
provitamin A enrichment, the setback on such projects are still enormous (e.g. breeding 
efficiency and soil deficiency of micronutrients). The lack of resources obligate poor farmers 
to sell their assets (e.g. motorcycles, bicycles, and televisions) to generate sufficient cash to 
buy the necessary inputs (Langyintuo and Mungoma, 2008). Therefore government or wealthy 
group-specific interventions are required to subsidize such varieties and increase their use and 
adoption among small scale farmers. 
2.5.3 Stage of harvest 
 
Maize at between 30 and 25% grain moisture is already physiologically mature but harvest is 
often delayed to 20-15% grain moisture (Tolera et al., 1999). This is to facilitate the drying 
process to the conventional storage grain moisture which is 13% (Martin et al., 1976). Harika 
and Sharma (1994) demonstrated that though 13% grain moisture might be ideal for storage, 
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stover yield decreases with decrease in grain moisture. The number of leaves per plant and the 
leaf-stem ratio decreases with delay in harvesting from physiological maturity (30-35%) to the 
dead ripe stage (10-13%). The loss of leaves affects the declining trend in stover yield with 
increased stage of maturity. Crude protein content and DM degradability also decreases with 
decrease in grain moisture. Small increases in NDF and ADF contents of leaf and stem 
fractions were also observed when harvesting was delayed (Harika and Sharma, 1994). Lower 
MS yields and decrease in CP and total non-structural carbohydrates are characteristic of late 
harvest (Russell, 1986; Irlbeck et al., 1993). Russell (1986) illustrated that heifers fed with 
early-harvested stover silage tended to have greater daily gains and required less feed/kg gain 
than heifers fed on the late harvested MS silage. Therefore, harvest timing of maize stover is a 
very important factor to be considered prior to harvesting. 
 
2.5.4 Morphological fractions 
 
Tolera and Sundstøl (1999)  studied the morphological fractions of MS harvested at three 
different stages of grain maturity; stage I (28%), II (20.2%) and III (9.8%) and the nutritive 
value of different fractions demonstrated that, at late harvest (stage III), stem proportions 
increased by 20% while leaf sheaths, tassel and leaf blades decreased by 21.5, 41.5 and 44%, 
respectively. A decrease in CP and an increase in DM, NDF, ADF, lignin and cellulase 
contents were also characteristic of increased stage of maturity. Similar results were obtained 
by Harika and sharma (1994), Tan et al. (1995)(wheat straw) or Tolera et al. (1998). The stem 
is the main contributor of the bulkiness of MS. With enormous information available on the 
nutritive value of MS harvested at different stages, one can possibly conclude that feeding 
herbivores with different stover fractions would have an impact on digestibility and weight 
gain/day.  
 
2.5.5 Maize stover as a supplement  
 
The different morphological fractions of maize stover are stem, leaf sheath, husk, leaf blade 
and tassel. Pordesimo et al. (2004) reported that 15% of MS dry mass (DM) is cob and that 
stalks, leaf blades and husks accounted for 51%, 21%, and 13% of the total MS, respectively.  
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The chemical compositions of these fractions vary within and among varieties as well as the 
stage at which they were harvested (Tolera et al., 1999; Tolera and Sundstøl, 1999). Sheep and 
goats supplemented with crop residues were observed to be healthier and heavier (Onwuka et 
al., 1997) than controls. Leaf blade and tassel of MS are richer in CP than observed in the stem 
and husk (Methu et al., 2001; Sun et al., 2009). Browne et al. (2005) substituted grass silage 
with maize silage in a forage mixture and found out that the total DM intake, apparent 
digestibility and organic matter digestibility increased as compared to the control. Therefore, 
knowledge about the chemical composition of MS is very important when required as a 
supplement. Fractions such as the leaves and tassel, with relatively high CP (required by 
microbes) and palatability, could be a possible supplement in other diets. Maize stover with 
relatively high CP might reduce the cost on protein supplements required to initiate microbial 
processes.  
 
2.5.6 Harvesting technology 
 
Maize stover is either grazed in situ (on farm) or removed from the field prior to feeding. The 
practice of grazing on farm is wasteful and insufficient. In the developing countries, especially 
in Africa, MS is usually grazed ―on farm‖ with very few farmers engaged in harvesting. Even 
in developed countries, harvesting maize stover using modern technologies is still a sub-
standard because harvesting efficiency is still less than 50% (Richey et al., 1982; Sokhansanj 
et al., 2002; Shinners et al., 2007). Modern equipment such as the shredder, collect less than 
two-thirds of the available stover, while the baler collects about 50% of what was trimmed by 
the shredder (Richey et al., 1982). This implies that the harvesting efficiency is approximately 
30%. Stover yields are higher when harvested wet than when allowed to dry. The harvest rate 
of wet stover is higher than dry stover (Shinners et al., 2007). The height of harvest is also an 
important factor to consider prior to harvesting because it affects yield and quality of MS. 
Normal-cut (40 cm) stover produces high yields and less water weight than low-cut with high 
water weight and relatively high stover yield (Table 2.4). Although low-cut yields are 
relatively high, contamination and transportation are not cost effective because of its high 
weight (Hoskinson et al., 2007). The height of harvest also affects the quantity of 
micronutrient available for animal intake (Table 2.5).  
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Table 2.4 Stover yields for the four harvest scenarios 
 Stover    
 Water (mg g
-1
) Wet (Mg ha
-1
) Dry (Mg ha
-1
) 
High-cut top 196 6.05 4.86 
High-cut bottom 639 4.75 1.71 
Low cut 338 10.1 6.68 
Normal cut 237 6.67 5.09 
 Mg ha
-1 
= megagram per hectare, From a Journal paper by  Hoskinson et al. (2007). 
 
Table 2.5 Nutrient concentrations in corn collected using different harvest scenarios 
C = carbon, N=nitrogen, P = phosphorus, K = potassium, Mg = magnesium, Fe = iron, Mn = manganese, Zn = 
zinc. From a Journal paper by  Hoskinson et al. (2007) 
 
Sokhansanj et al. (2002) noticed that the weather and season of harvest plays a vital role in the 
amount of stover collected per unit area. Methu et al. (2001) showed that higher leaf + husk + 
sheath: stem ration were harvested in the dry season than in the rainy season. Therefore, 
educating small and large scale farmers on the need of harvesting using appropriate 
technologies, season and height of harvest might have a positive impact on MS total yields. 
 
2.5.7 Storage conditions 
 
Harvest and storage of MS are often affected by weather conditions, material moisture and 
storage facilities. There is a great need to conserve forages especially during winter or dry 
seasons, which are often long and harsh. Maize residues can be stored in different forms such 
as hay, silage (Sun et al., 2009) or spared veldt (Shinners et al., 2007).  However, silage and 
hay are the most common methods of preservation. If the warehouses are not properly sealed 
especially during the heavy rains, bale fermentation is very common. Fermented bales in the 
 C N P K Ca Mg Cu Fe Mn Zn 
 (mg/g) (µg/g) 
High-cut top 444 7.0 0.79 7.05 3.95 3.07 1.4 42 7 6 
High-cut bottom 440 8.1 0.57 19.62 4.05 3.83 0.8 86 8 4 
Low cut 444 7.0 0.62 6.52 3.7 3.74 1.1 63 6 4 
Normal cut 440 8.0 0.79 6.74 5.4 4.04 1.2 51 13 9 
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presence of oxygen have a negative impact on maize stover quality. In most developed 
countries or dairy farms, stovers are often harvested wet (45% grain moisture) and preserved 
by ensiling (Shinners et al., 2007). Ensiling decreases stover losses often observed during 
bailing and a more uniform product is also achieved when compared to dry stover bales stored 
outdoors (Shinners et al., 2007). Other advantages that encompass ensiling includes, no fire 
hazards, silage quality if maintained for longer periods, less dependence on weather, less 
bleaching by the sun (loss of  Vitamin A) and anaerobic fermentation which is known to 
improve feed palatability.  Silage does have an excellent appearance and colour with a familiar 
and pleasant odour. On-farm grazing of MS appears to be the worst method, because it 
involves a lot of wastage and exposure to hash weather conditions.  Therefore, strategizing on 
storage options prior to harvest is vital so as to preserve feed quality and minimize cost due to 
wastages. 
 
2.5.8 Feed formulation 
 
Optimum ration formulation is crucial when MS is required as a supplementary feed for 
ruminants. Although MS is more palatable than other hays, when fed as a whole, digestion is 
still low. The low digestibility has been associated to low nitrogen (Siebert and Hunter, 1982) 
and perhaps mineral in dry MS (Agricultural Research Council 1980). The rate of feed 
digestion depends on the quality (type of nutrient) and composition (ration) of the feed (Tolera 
et al., 1998), which is also affected by the number, type of microbes and nutrients that limits 
microbial growth (Lynd et al., 2002).  
 
The most limiting factor on performance of animals fed on different MS residues appears to be 
dietary protein (Siebert and Hunter, 1982). In sacco DM digestibility of the same variety of 
MS was found to decrease with an increase in grain maturity (Tolera and Sundstøl, 1999). The 
decrease in digestibility was primarily associated to a decrease in CP (Sun et al., 2009), with 
an increase in grain maturity, though a decrease in soluble carbohydrates might have played a 
minimal role. In vitro analysis of the degradability of MS fractions showed a lower dry matter 
degradability (DMD) in stems than in leaves with higher CP content (Tolera and Sundstøl, 
1999). This clearly indicates that nutrient deficiencies in certain fractions are the principal 
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factors. Although nutrient deficiency seems to be the major problem, experimentation on 
excess feeding  with MS has also shown small increments in intake and milk production 
(Methu et al., 2001). However, the setbacks of this approach are the limiting quantities of MS 
and an uneconomical use of the refusals. 
 
Genetic engineering has seen the breeding of different varieties of maize with higher crude 
protein content, foliage, maize grain and MS yields (Bänziger et al., 2006).  This was clearly 
demonstrated by Tolera et al. (1999) in their studies on eight varieties of maize. Though trying 
to breed maize varieties richer in CP seem to be moving in the right direction, supplementing 
MS with legumes would be the best option. In sacco DMD of MS blended with three different 
leguminous species (stylo, siratro and centro) showed a higher DMD than observed in MS 
DMD alone (Undi et al., 2001). Similar experiments on supplementing MS or other hays with 
legumes have also shown increments in DMD (Ndlovu et al., 1996; Undi et al., 2001; 
Chakeredza et al., 2002; Aregheore and Perera, 2004). Leguminous supplementation has also 
been found to increase intake (Preston and Leng, 1987; Chandrasekharaiah et al., 1996). 
Educating the local communities with the right information and the need to ration animal feed 




The increasing demand for bioenergy (Cherubini and Ulgiati, 2010) is going to be a future 
blow for the utilization of MS as forage.  In 2001, about 15 million tons of maize grain was 
used to produce 5.6 billion liters of bioethanol. A three-fold increase in bioethanol, biodiesel, 
biopower and other emerging biobased products are envisioned over the next ten decades in 
the United States (Biomass Research and Development Board, 2001). The high demand for 
bioenergy has seen alternative feedstock such as MS being proposed as an alternative source 
for the production of extra ethanol (Perlack and Turhollow, 2003). Interestingly there are a 
series of projects that has been investigating the use of crop residues to generate electricity 
(Swanston and Newton, 2005).  Although currently there is still a lot of setback in bioenergy 
technology especially in developing countries, the development of new technologies that are 
simpler and available would be a huge blow for MS utilization as forage (due to higher 
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incentives especially in the poorer communities). Establishment of such technologies might 
divert the attention of many small-scale farmers as the incentives might be higher. Food and 
feed deficiency would be obvious in such era if nothing is being done to discourage bioenergy 
production and encourage maize production yields for livestock production. 
 
 
Maize stover has been clearly shown to have the potential of a forage supplement especially 
during the period of feed shortages. Plant breeders have shown that the maize plant can be 
engineered to produce more foliage without compromising grain production. Some of these 
varieties are already in the market such as A511. Genetically engineered plants with a 
relatively high foliage production are becoming more available in the market. An introduction 
of centres all over the world engaged in such research would foster the availability of such 
varieties in poorer communities. The stage of maturity and harvest timing affects the CP 
content of MS which is one of the most limiting factors in ruminant digestion. Harvesting MS 
at 35% grain maturity would be beneficial for both human and animal consumption. Although 
harvesting techniques have been proven to be less efficient (less than 50%), it is still 
preferable to harvest and feed indoors because wastages incurred while grazing on farm 
exceeds that of zero grazing systems. Leguminous supplementation of MS has shown the 
potential of increasing DMI, DMD, forage palatability, body weight and milk production. 
Therefore, basic knowledge on feed formulation with MS as the main forage is very important 
because an animal can only exhibit its full potential with a ration feed. 
 
2.6 Maize stover utilization by herbivores 
 
Ruminants cannot express their full potential if they are not able to harness nutrients from a 
properly formulated MS feed. Microbes breakdown MS into soluble sugars or cellodextrins 
(two or more glucose molecules resulting from cellulolysis), which are later metabolized for 
energy production yielding by-products, such as volatile fatty acids (VFA) or short chain fatty 
acids (SCFA), carbon dioxide, methane and ammonia. Short chain fatty acids are the most 
important by-products as they are used to generate energy by the host animals (Armentano, 
1992). Undigested MS flows through the abomasum, to the small intestines and then to the 
large intestine, where it is eventually excreted as faeces through the rectum. Therefore, to fully 
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understand the fate of MS, it is imperative to study the cell structure of the maize plant (cell 
wall), MS hydrolysis (both mechanical and microbial), factors affecting MS fermentation and 
utilization, the origin and fate of SCFA, enzymes responsible for MS hydrolysis (cellulases), 
MS (cellulose) additives, microbial variation in herbivores and models to improve MS 
degradability.  
 
2.6.1 Cell wall and cellulose fibre 
 
Plants cell walls vary in their chemical composition and structure (Tolera et al., 1999). plant 
cell wall constituents increase with maturity, while non-soluble carbohydrate content 
decreases (Kruse et al., 2008). The strength of the cell wall is attributed to its multicellularity, 
paving the way for a rigid form by providing a variation in thickness, chemical composition as 
well as spatial distribution of cells within the tissue. A cell wall can be subdivided into 
primary, secondary and tertiary cell wall. These layers will be discussed with emphasis on the 
macromolecules that are involved in or affect digestibility in ruminants. Primary cell walls are 
formed when expansion of a cell leads to the deposition of components of the cell wall on the 
plasma membrane. Pectins and hemicelluloses are synthesized in the Golgi apparatus before 
secretion (Hillman et al., 1986; Doblin et al., 2003; Bárány et al., 2010) while cellulose is 
synthesized on the plasma membrane by the enzyme complex, cellulose synthase (Saxena and 
Brown Jr, 2008). Newly synthesized cellulose micro fibrils are deposited at a vertical angle to 
the direction of cell elongation in a gel-like matrix of interlinked molecules (Doblin et al., 
2003; Malcolm and William, 2003). Macro fibrils comprise micro fibrils, which are made up 
of about 2000 cellulose chains (fibril). The orientation of fibrils in an upright position is said 
to play a vital role in cell expansion as well as cell growth.  
 
The distribution of celluloses, hemicelluloses and pectins in the matrix is almost equal. Cells, 
e.g. parenchyma and meristematic cells, embedded in this matrix still have the ability to grow 
and expand since the matrix is flexible and allows exchange of materials with relative ease. 
Hemicelluloses are highly branched polysaccharides with saccharide units xylose, mannose 
and glucoronic acid. They are hydrogen bonded to the surface of cellulose microfibrils, 
forming a network of tough fibre molecules thus rendering mechanical strength to the plant 
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cell wall. Pectins are branched polysaccharides with galactose, arabinose and galactorunic acid 
as saccharide units (Malcolm and William, 2003). They contain a high number of negative 
charges which enables it to bind with positively charged ions such as those of calcium ions 
(Ca
2+
). The presence of such ions traps water molecules, causing the jelly-like nature of 
primary cell walls which are often observed in meristematic tissues (young shoots and leaves). 
At this level of development, they are said to be the outermost layer of the cell and are the 
only layer of protection found in certain cells. Adjacent cells are cemented together by botanic 
―glues‖ or pectins in a layer called middle lamellae. Cemented cells communicate through 
small channels called plasmodesmata. Leaves with only primary cell walls have a relative 
advantage when it comes to forage availability and digestion, be it mechanical or microbial 
(thin, flexible and lignin deficient). However, as the plant grows older there is a gradual 
deposition of secondary thickening that becomes more prominent when the cell growth stops. 
A rigid secondary thickening is formed between the primary cell wall and the plasma 
membrane. The secondary cell wall components are similar to that of the primary cell wall in 
terms of macromolecules but for the introduction of lignin and lack of pectin. Therefore, it is 
characterized by the deposition of more cellulose and hemicelluloses with very little pectin. 
The concentration of hemicelluloses and cellulose increases from 50% to 80% in the 
secondary cell wall (Ghadaki et al., 1975). 
 
Lignin is an insoluble aromatic polymer made from the polymerisation of phenolic alcohols 
(Okuda et al., 2004) found mainly in mature plant cell walls. Deposition of material into the 
primary cell wall could either be homogeneous thickening (phloem) or localized thickening 
(xylem vessel). Further differentiation of the xylem leads to the penetration of lignin from the 
outside into the secondary thickening. These hydrophobic polymers replace water and encrust 
all the microfibrils and matrix where the cell walls eventually die. Cell expansion in this layer 
is practically impossible because it is encrusted with lignin, waterproofing cells, blocking 
diffusion of water and nutrients into cells. This is the main reason why most lignified cells die 
on maturity (Boudet, 2003; Guillaumie et al., 2007 ). However, life is still possible for cells 
that are able to retain enough plasmodesmata as a means of communication between cells. 
Lignified cells do not only prevent cell expansion but prevent cell division indirectly; hence 
meristematic tissues do not contain lignin. Cells of sclerenchyma, collenchyma and xylem 
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have secondary deposits of lignified cellulose, which provide mechanical strength to the 
tissue. Deposition of lignified cellulose is highly ordered when compared to that of the 
primary cell wall with variable orientations forming a laminated structure that significantly 
increases cell wall strength. 
 
Although cellulose is the major component of plant cell walls, its distribution differs among 
MS varieties as well as within different parts of the same plant (stem, leaf sheath, leaf blade, 
husk or tassel) (Tolera and Sundstøl, 1999). In the stem, cellulose is closely blended with 
other cell wall constituents such as hemicellulose and pectin within the meristematic regions 
(young stems). In mature stems that have undergone secondary growth the percentage of 
lignin deposited in the matrix is high. Integration of fibre with other cellular constituents 
enables it to withstand higher pressure and to support the weight of the plant (Boudet, 2003).  
 
The leaves of monocotyledonous plants and grasses do not undergo secondary growth and 
therefore do not increase in width (thickness). Although leaf blades do not increase in width 
they still require strength for support that is provided by lignified cellulose. Lignin is abundant 
around the xylem vessels, middle lamella and vascular bundles. The amount of fibre deposited 
in these regions is proportional to the weight to be supported so as to keep the leaves exposed. 
The cell wall constituents of leaves also vary with age. Deinum and Direven (1971) 
investigated different leaves from the maize plant and found that digestibility declined with 
age. They concluded that leaves at a later stage of growth were less digestible than leaves at 
initial growth of the same plant species at the same stage of development. Similar effects of 
leaf succession and age were found in Australia with Pinicum maximum (Wilson, 1973), 
Nigeria with Androgopogon gayanus (Haggar and Ahmed, 1971) and Puerto Rico with 
Digitaria decumbens (Van Soest, 1982). A sharp drop in digestibility was observed in leaves 
grown under high temperatures as opposed to low temperatures. Decreased digestibility is due 
to the fact that higher temperatures cause an increase in cell wall cellulose contents (Deinum, 
1976). Generally, leaves have lower quantity of fibre than stems.  
 
Forages, both in the temperate and tropical regions, are covered with a thin waxy cuticle 
which is the plants first mechanism of protection prior to the cell wall. The waxy cuticle 
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presents a strong barrier against microbial invasion. Huub et al. (1988a) suggested that this 
layer appears to be totally resistant to microbial digestion within the rumen, however, some 
fungi may penetrate it. Cutin fractions are 0.2% and 2.4% in wheat straw and alfalfa, 
respectively (Van Soest, 1982). Cutin forms the structural part of a plant cuticle and it is a 
polyester of C-16 and C-18 hydroxyl- and hydroxyepoxy fatty acid. However, some 
pathogenic anaerobic bacteria are able to hydrolyse the ester linkages of cutin. Although cutin 
has been shown to provide a primary barrier to plant cell wall hydrolysis, the complexity of 
cellulose is still the major barrier (Malcolm and William, 2003).  
 
2.6.1.1 Cellulose  
 
Partial hydrolysis of cellulose produces cellobiose (disaccharide), which is linked by a beta 
glycosidic bond between C-1 and C-4. This led to the definition of cellulose as an unbranched 
polymer of thousands of glucose units (Figure 2.2) linked to each other by beta 1, 4 glycosidic 
bonds (Levy et al., 2002). They are generally represented by a formula (C6H10O5)n. 
 
 
 Figure 2.2 The structural unit of cellulose  




Figure 2.3 Crystalline structure of cellulose (Martin, 2006) modified. 
Inter strand H-bonds 
Intra molecular H-bonds 
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Crystalline celluloses are characterized by the type of hydrogen bonds that are formed 
between C-3 hydroxyl group and the pyranose ring within the same molecule (inter molecular 
hydrogen bonding) and those formed between the C-6 hydroxyl group of one molecule and the 
oxygen of the glycosidic bond of another molecule (intra-strand) (Figure 2.3). The presence of 
hydrogen bonds between these fibre molecules is responsible for the tightly packed crystalline 
structure. Celluloses are insoluble due to the inability of water molecules to penetrate the 
tightly packed crystalline structures (Ross et al., 1991). Amorphous cellulose is relatively 
soluble in water because it allows the penetration of water molecules due to fewer frameworks 
of hydrogen bonds.  
  
2.6.2 Maize stover hydrolysis in herbivores 
 
Rumen microbes have the potential of hydrolyzing both structural and soluble carbohydrates 
into SCFA (butyrate, propionate and acetate), which are then used for energy generation by 
the host. To understand maize stover (fibre) hydrolysis in ruminants, MS hydrolysis will be 
examined in two steps, namely, mechanical (physical) breakdown and microbial hydrolysis 
(fibre fermentation). 
 
2.6.2.1 Mechanical breakdown of maize stover 
 
Mechanical breakdown of MS in ruminants is similar to monogastric animals. However, there 
are some major differences between monogastric animals and ruminants, such as rumination 
in ruminants (Aikman et al., 2008), which is absent in monogastric animals. Mechanical 
breakdown of fibre is a non-enzymatic process where macro-fibres are broken down into 
microfibres and cellulose units thereby increasing the surface area for enzymatic hydrolysis. 
Maize stover fermentation increases with surface area. This was confirmed by an in vitro 
experimentation on dry matter digestion rate of alfalfa with variable sizes of feed particles 
(Robles et al., 1980). Not only did a large surface area increase fermentation, it also increased 
feed intake. Feed intake was higher in animals fed with ground particles than ungrounded 
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particles of the same feed. More time was spent on the ungrounded feed during chewing than 
on the crushed feed (Weston and Hogan, 1967). 
   
The main site for the physiological breakdown of fibre is the buccal cavity with mastication 
being the main process. The lips, tongue, lower incisors and the dental pad in front of the hard 
palate are the prehensile organs of the ruminant. These organs are the important features that 
influence the animal‘s nutrition. The oral cavity and the lips are used for holding the feed. The 
size and length of the buccal cavity and lips, respectively, differ from concentrate selectors 
(CS) through intermediate selectors (IM) to grazers (GR). Grazers have a smaller mouth 
opening and shorter lips which facilitate cutting and easy manipulation of feed (Hofmann, 
1998). Concentrate selectors have longer lips and larger mouth openings for manipulation of 
forages such as fruit. Molars and premolars are used for grinding and these are affected by the 
sideways swing of the mandibles. The mandibles of GR offer a larger surface for masticatory 
muscle attachment and they have bigger masticatory muscles than CS. In GR, chewing is 
initially very brief when grazing in the fields but particulate size is later reduced by rumination 
(chewing of the cud) during resting hours. The group of CS is characterized by a shorter 
rumination period but with an intense initial chewing. The tongue assists in holding and 
movement of forage material in the oral cavity. The shape and size of the tongue vary among 
the different feeding types. Concentrate selectors generally possess a plump, piston-like 
tongue while GR have a pointed slender tongue.  
 
Saliva secreted during mastication by the salivary glands serves: (a) as a rinsing fluid for 
nutrients released; (b) to dissolve feed particles and allow for flexible movement during 
chewing; (c) as a fermentation buffer in the rumen (Bowman et al., 2003); and (d) as a 
transporting fluid. Hofman (1998) showed that the salivary gland varies among the different 
feeding types. Their sizes regress from CS through IM to GR. Peristaltic movement of chewed 
material from the oral cavity through the oesophagus to the rumen also plays a minor role in 
mechanical breakdown. During resting periods ruminants have a special ability to regurgitate 
the swallowed material for effective chewing. This is a unique feature in ruminants that has 
been used in their classification. The size of the rumen appears to play a major role in rumen 
digestion. In grazers, the larger the size of the rumen the longer the time spent by particulate 
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matter, hence prolonging the time for microbial activity. This implies that mechanical 
breakdown will be much better in GR with larger rumen than in CS with smaller rumen. Non-
rhythmic contractions of the rumen during mixing also assist in the mechanical process of 
fibre breakdown. 
 
2.6.2.2 Microbial fermentation of maize stover 
 
Microbial fermentation of fibre is also known as enzymatic hydrolysis since enzymes secreted 
by microbes carry out the fermentation process. Fermentation of fibre occurs mainly in the 
rumen or hindgut of herbivores (Trinci et al., 1994). Although some herbivores still possess a 
double fermentation chamber (fore- and hindgut) the foregut fermentation chamber is said to 
be prominent. The rumen harbours a variety of microbes called symbiotic microbes 
comprising anaerobic bacteria, protozoa and fungi (Trinci et al., 1994).  
 
These microbes are introduced into the rumen by the host animal during grazing or browsing 
in the fields. Microbial species vary from one geographical region to another, even within 
animal species in the same geographical regions (Gonçalves and Borba, 1996). The rumen 
harbours microbes that have evolved through millions of years of selection with varying 
nutritional constraints. This is an extraordinary feature that all ruminants possess in order to 
survive and reproduce while eating high fibre diets (Demeyer, 1981; Dominguez Bello and 
Escobar, 1997). Survival of microbes within this environment depends on their ability to 
compete with other microbes as well as adapt to the stringent conditions of these fermentation 
chambers. The ability to adapt and survive in the fermentation chamber is quite important 
because an unlimited number of microbes are being introduced each day. The dominant rumen 
microbes are saccharolytic since carbohydrates are the main metabolic substrates (Leschine, 
1995). The rumen is an anaerobic chamber as most, if not all, microbes that it harbours are 
anaerobic. However, Yokoyama and Johnson (1998) illustrated that these microbes are not 




Obligate anaerobes are those that grow only in the absence of oxygen while facultative 
microbes are those that are able to grow in the presence or absence of oxygen. Owens and 
Goestsch (1998) confirmed the presence of these microbes by postulating their locations in the 
rumen environment. Microbes that associate with particulate matter (Figure 2.4) and free-
floating microbes were classified as obligate anaerobes (Bailey and Jones, 1971). Those that 
attached firmly to the epithelial wall of the rumen were classified as facultative anaerobes. 
Akin (1980) demonstrated that not all facultative anaerobes adhere to the ruminal wall. 
Quantitatively, the obligate anaerobes are more than facultative anaerobes (Morris, 1975; 








Figure 2.4 Bacteroides succinogenes growing on filter paper cellulose. (a) SEM of cells on a cellulose fibre. 
Bar = 10 um. (b) SEM of cells on a fibre. Bar = 1 um. Groleau and Forsberg (1983) modified.   
 
Bacteria classification is based on their morphological structure, size and shape (cocci, rods 
and spirilla). Interestingly, some nutritionists have used substrates hydrolysed by microbes as 
a primary basis of classification (Hobson, 1969). The objective of this approach was to assist 
in elucidating the contribution of each bacteria species towards the utilization of the different 
components of feed. Preliminary screening of bacteria by this method led to the classification 
of bacteria into eight different groups with respect to the following substrates, celluloses, 
hemicelluloses, sugars, intermediates, proteins, lipids, starch and methane (Yokoyama and 
Johnson, 1998). The shortcoming of this method of classification is the broad spectrum of 
certain enzymes, which are capable of hydrolysing and fermenting more than one substrate. 
Cellulolytic microbes are the most important microbes in the rumen based, on the high fibre 






rumen e.g. Bacterroides succinogenes, Ruminicoccus flavefaciens, Ruminicoccus albus and 
Butyrivibrio fibrisolvens. The population of these microbes increases with an increase in 
substrate availability. Other minor cellulolytic microbes such as Clostridium lochheadii do not 
vary much even with increased concentration of the substrate.  
 
Cellulase secreted by cellulolytic bacteria diffuses through the rumen fluid onto the substrate 
or stays within the vicinity of the bacteria adhering to a substrate (Owens and Goestsch, 1998). 
Cellulose is hydrolysed into glucose, which is used as a metabolic substrate by microbes; 
therefore, yielding by-products such as SCFA, CO2, methane and hydrogen (Owens and 
Goestsch, 1998; Tolera and Sundstøl, 1999). Fibre hydrolysis is catalyzed by a complex 
enzyme system called cellulases. There are three different types of enzymes involved in this 
system, namely crystalline cellulase (exocellulase), carboxymethyl cellulase (endocellulase) 
and glucosidase (cellobiase) (Bayer et al., 1998a; Shoham et al., 1999; Desvaux, 2005). The 
number of enzymes involved in this process clearly indicates that fibre hydrolysis is a 
stepwise process. This process begins with the breakdown of crystalline cellulose into 
cellobiose by exocellulase and amorphous cellulose into cellobiose by endocellulase.  
Cellobiose is hydrolysed into glucose molecules by glucosidase or cellobiase (Teeri, 1997). 
Glucose molecules are then catabolized through the process of glycolysis yielding SCFA, 
2ATP, H and CO2. Adenosine triphosphate is used as a primary source of energy by the 
microbes, whereas the by-products are used as metabolic substrates or intermediates by the 
host.  
 
Hemicellulolytic bacteria secrete hemicellulases that hydrolyse hemicelluloses into 
monomeric units such as xylose. Butyrivibrio fibrisolvens and Bucroides ruminicola are top on 
the list of potent hemicellulolytic bacteria. Besides cellulolytic and hemicellulolytic bacteria, 
other bacteria that exist in the system ferment monomeric units such as glucose, xylose and 
galactose (Owens and Goestsch, 1998). Symbiotic bacteria living in this ecosystem utilise the 
by-products of fermentation as metabolic substrates or monomers for synthesizing 
macromolecules e.g. methane-producing bacteria such as Methanobrevibacter ruminantium, 
Methanobacterium formicicum and Methanomicrobium mobile reduce CO2 with hydrogen gas 
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producing methane as an end product. Both CO2 and hydrogen gas are the by-products of 
fermentation, which can become harmful if allowed to accumulate.  
 
Protozoa are also associated with fibre breakdown (Huub et al., 1988b) as a number of species 
have been identified that prefer soluble carbohydrate as a substrate. Fractionation studies by 
Gijzen et al.(1988) demonstrated that ciliates accounted for 19 to 28% of the total cellulase 
activity in faunated cultures fed on filter paper cellulose. Diplodinium diplodinium and 
Diplodinium diploplastron hydrolyse substrates such as cellulose, hemicellulose and starch, 
while Diplodinium polyplastron hydrolyse cellulose, glucose, starch and sucrose, but not 
hemicellulose. Entodinium bursa utilises starch and hemicellulose, but not cellulose as 
substrates. Entodinium caudatum utilises completely soluble molecules such as cellobiose, 
maltose, glucose and starch. Some bacterial species adhere to protozoa but the rationale 
behind this adherence is not clear. Logically one might deduce some kind of proximity effect 
for the bacteria to their substrate since these protozoa are attached to plant materials.  
 
Anaerobic fungi are found adhering to or within plant materials in cattle and sheep 
(Mountfort, 1987). They are able to colonize and penetrate the cuticle and cell wall of lignified 
tissues in the rumen (Bauchop, 1981; Bauchop, 1989). The zoospores attach to fibre and 
produce hyphae that grow and penetrate deeply into plant tissues. The fungus develops an 
extensive rhizoid for anchorage and supply of nutrient. Penetration of the cuticle and cell wall 
by fungi pave way for other anaerobic microbes to gain access to soluble or fibrous material 
from which their energy is harnessed (Akin and Borneman, 1990).   Fungi contribution to fibre 
hydrolysis in the rumen is minimal (Paul et al., 2004), although limited degradation of fibre 
and xylan has been observed when incubated with protozoa. Interestingly, protozoa in the 
rumen may contribute up to 80% of the microbial mass. This high population is yet to be 
explained as its functional significance is still to be defined. 
 
2.6.3 Factors affecting fibre fermentation and utilisation 
 
Fibre (cellulose) is the most abundant and available carbohydrate polymer in nature (Doblin et 
al., 2003; Imai et al., 2004) that has been widely researched on as a plentiful source of food or 
 31 
energy resources. Therefore, studying different factors that affects fibre fermentation is critical 
for MS utilization by ruminants. 
2.6.3.1 Nature of fibre 
 
There are two types of fibre molecules, namely, crystalline and amorphous cellulose (Al-
Zuhair, 2008). These two molecules are structurally different due to the type of hydrogen 
bonding formed within their molecules. The bonding formed within and between these 
molecules is the primary factor affecting fibre hydrolysis. Intra- and inter-hydrogen bonds 
formed with crystalline cellulose are more than those formed in amorphous celluloses (Martin, 
2006). This implies that crystalline cellulose hydrolysis will be slower than amorphous 
cellulose hydrolysis upon incubation with microbes. Crystalline cellulose is more resistant to 
enzyme hydrolysis than amorphous cellulose (Szijártó et al., 2008). The high resistance posed 
by cellulose to enzyme hydrolysis is due to its crystallinity. Therefore, the crystalline nature of 




Hemicelluloses are secondary factors affecting fibre hydrolysis. These molecules interact with 
fibres through the formation of intra- and inter-chain hydrogen bonds. Niedusznki and 
Marchessault (1971) reported that hemicelluloses such as xylan are able to form crystalline-
like structures rendering the matrix less permeable to cellulases. Association of this complex 
with lignin renders the matrix even more difficult to hydrolyse as the mesh network will be 
almost impermeable to cellulolytic enzymes. This implies that the association of these 
molecules with celluloses makes the complex structure even stronger. Kamra (2005) showed 
that the degradation of pure fibre when incubated with microbes was higher than that of crude 
fibre.  The study confirms that the interaction of hemicellulose with cellulose slows down the 





Pectin are polymers of galacturonic acids and are often referred to as ―intercellular cement‖ 
(Mohnen, 2008). The term ―intercellular cement‖ was derived from their role in binding two 
or more cells together. Different roles that have been associated with pectin in plants include; 
plant growth, development, morphogenesis, defence, cell-cell adhesion, wall structure, 
signalling, cell expansion, wall porosity, binding of ions, growth factors and enzymes, pollen 
tube growth, seed hydration, leaf abscission and fruit development (Ridley et al., 2001; 
Mohnen, 2008).  Enzymatic hydrolysis of pectin in a substrate complex was found to separate 
plant cell walls from each other. Pectins are able to hydrogen bond with celluloses, 
hemicelluloses and other matrix macromolecules, e.g. proteins. They encrust both celluloses 





Lignin is formed from the polymerisation of three primary precursors, namely 
phenylpropanoid precursors, phenylalanine and tyrosine. These primary precursors give rise to 
p-coumaryl, coniferyl and sinapyl alcohols (Holtman et al., 2003; Guerra et al., 2006). Free 
radicals are formed from these monomers under the influence of phenol oxidase, which 
undergoes non-enzymatic reactions to form polyphenols. Lignin polymers are chemically 
stable structures that are mostly attacked by aerobic bacteria, which therefore limit the 
possibility of extensive breakdown in an anaerobic rumen (Keford, 1958). Lignin found in 
plants differs mainly in the proportion of free radicals from which they are formed. Lignin in 
gymnosperm is made up of 80% p-coumaryl, 14% coniferyl and 6% sinapyl alcohols while 
angiosperm lignin contain 56% p-coumaryl, 4% coniferyl and 40% sinapyl alcohols. In 
addition to the phenolic monomers, grasses and herbage lignin is richer in acids such as p-
coumaric, ferulic, diferulic, p-hydroxbenzoic and vanillin. A highly condensed phenyl 
propanoid matrix of lignin is referred to as ―core‖ lignin while the p-coumaric and ferulic 
fragments are known as ―non-core‖ lignin (Smith et al., 1971).   
 
Non-core lignin fragments (p-coumaric and ferulic acid) are the most important molecules in 
terms of the cross linkages formed between lignin and structural carbohydrates due to the 
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presence of hydroxyl and carboxyl groups. Ester bonds are common between ―non-core‖ 
lignin and hemicelluloses in forages. Therefore, the binding of lignin to hemicelluloses 
indirectly affects fibre hydrolysis as hemicelluloses are bound to celluloses. However, bonding 
between lignin and celluloses as well as other carbohydrates is also possible (Henriksson et 
al., 2007). Variation in the association of lignin to hemicelluloses was substantiated by 
analysing carbohydrates extracted by alkali and dimethyl sulphur oxide (Morrison, 1974). 
Alkali analysis of carbohydrates from lignin-carbohydrates liberated 70% xylose, 20% 
arabinose, 5% galactose and 5% glucose. The high percentage of xylose confirms 
hemicelluloses as the dominant molecules associated with lignin. Analysis of the carbohydrate 
moiety extracted by dimethly sulphur oxide indicated that the percentage of glucose (50%) 
observed was higher than that of xylose (30%), arabinose (12%) and galactose (5%). High 
glucose concentrations imply that lignin associates with other molecules in the cell matrix.   
 
Casler (1987) and Tolera and Sundstøl (1999) demonstrated that the concentration of lignin 
increases with increasing maturity for both grasses and legumes. Generally, the concentration 
of lignin is higher in legumes than in grasses but lignin in legumes is more soluble than lignin 
in grasses. The solubility of legume lignin is due to higher ―core lignin‖ than ―non-core‖ 
lignin. Geographical regions from which forages are harvested also play a major role, as lignin 
content of forages is not stable. The lignin content of grasses from the tropics is higher than 
those harvested from the temperate regions  (Van Soest, 1982; Dominguez Bello and Escobar, 
1997). Consequently, digestion of forages from the tropics will be more difficult than those 
from temperate regions. However, the evolution of microbes in animals that graze in these 
regions is so magnificent that meeting the nutritional needs of these animals is not 
problematic. Encrustation is one of the major effects observed on fibre by lignin, which 
renders fibre inaccessible to cellulolytic enzymes (Camp et al., 1988). The most import 
mechanism established is the bonding of lignin to other polysaccharides including celluloses 
forming a polysaccharide complex (Bidlack et al., 1992; Carpita and Gibeaut, 1993). The 
bonds formed within these complexes are watertight and make the diffusion of cellulolytic 
enzymes extremely difficult. The effect of hemicellulose and lignin on cellulose conversion 
into glucose on brewers spent grain shows that the lower the hemicellulose and lignin contents 
in the sample, the higher the efficiency of cellulose hydrolysis (Van Soest, 1981; Mussatto et 
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al., 2008).  This implies that fermentation will be enhanced in reduced quantities of lignin and 
hemicelluloses. Since Tolera and Sundstøl (1999) demonstrated that lignin concentration 
increases with MS maturity, harvest timing is very important so as to reduce the effect of 
lignin on microbial fermentation.  
2.6.3.5 Tannins  
 
Tannins are naturally occurring bio-molecules of high molecular weights synthesized by 
plants. Notable are the diverse groups of oligomers and polymers of phenols. They are defined 
as phenolic compounds that precipitate proteins. This definition has some shortcomings as not 
all tannins bind and precipitate proteins and secondly, not all polyphenols precipitate proteins 
or form complexes with polysaccharides. However, Horvath (1981) amended the definition by 
defining tannins as any phenolic compound of high molecular weight containing sufficient 
hydroxyl groups and other suitable groups to form effectively strong complexes with proteins 
or other macromolecules under the particular environmental conditions being studied. In the 
plant kingdom tannins are found both in angiosperms (flowering plants) and gymnosperms 
(non-flowering plants). In flowering plants dicots are richer in tannin than monocots. Maize is 
an angiosperm and belongs to the monocot group of plants. An understanding of the 
distribution of tannins in plant tissues can assist in the enriching or restructuring of the grazing 
area of ruminants.  
 
Tannins are prominent in plant parts such as barks, stems, fruit, leaves, and roots. They are 
mostly located in the vacuoles of surface wax in these tissues, where interference with the 
plant‘s metabolism is nil (Marty, 1999). This implies that it is only after cell lesion or cell 
death that these macromolecules can interfere with metabolic activities. The outer part of the 
bud tissue is believed to have a protective function against freezing in winter while the upper 
epidermis of plant leaves reduces palatability, thus protecting the plant against predators. 
However, in the tropics tannins are evenly distributed on the leaf surface compared with plants 
in temperate regions in which tannins are concentrated in the upper epidermis. Stem tissue, 
secondary phloem and the xylem, which are active growth areas, are rich in tannins. The role 
tannins play in this area is not well understood but they have been associated with growth 
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regulation in these tissues. Functionally, tannins have been associated with the maintenance of 
plant dormancy due to their allelopathic and bactericidal properties.  
 
Tannins are divided into two main groups: hydrolysable and condensed (proanthocyanidins) 
tannins (Fahey and Berger, 1998; Waghorn, 2007). They exhibit common characteristics such 
as being soluble in water (but for some high molecular weight structures), binding to proteins 
and forming either soluble or insoluble protein-tannin complexes of higher molecular weight 
and lastly containing oligomeric chains with multiple units having free phenolic groups. 
Hydrolysable tannins are macromolecules produced by plants with polyol as a backbone. The 
polyol central core is generally made up of D-glucose. Carbohydrate hydroxyl groups are 
partially or totally esterified with phenolic groups of acids such as gallic acid or ellagic acid. 
Quantitative analysis of tannins in plants shows that hydrolysable tannins are usually present 
in lower concentrations than condensed tannins. Hydrolysable tannins are subdivided into 
taragallotannins (gallic and quinic acid) and caffetannins (caffeic and quinic acid). They are 
hydrolysed by mild acids, mild bases or hot water to yield carbohydrates and phenolic acids. 
Enzymes called tannases, which are specific for ester bond hydrolysis, also hydrolyse them.    
 
Condensed tannins, on the other hand, are polymers of flavanoid units (flavan-3-ol) linked by 
carbon bonds not susceptible to cleavage by mild hydrolysis. Condensed tannins are widely 
distributed in legume pasture species such as Lotus corniculatus, Lotus pedunculatus, 
Onobrychis viciifolia, in several species of acacia (Degen et al., 1995), in sorghum grain 
(Kumar and Singh, 1984), Zea mays and in many other plant species. The complexity of 
condensed tannins depends on their flavonoid units which vary among constituents and within 
sites for interflavan bond formation. The astringent taste of some leaves, fruit and wines is due 
to the presence of tannin. Solubility of condensed tannins in aqueous organic solvents depends 
on its chemical structure and degree of polymerization. This implies that the higher the degree 
of polymerization the less soluble they become. Understanding the interaction of tannins with 
other macromolecules is vital for designing an approach for negating the harmful effects of 
these macromolecules or for harnessing tannin properties for a nutritional benefit.  
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The manner in which tannins affect fibre hydrolysis can be classified as direct or indirect. A 
direct effect is said to occur when the tannin interacts with carbohydrate molecules while an 
indirect effect is when it interacts with other macromolecules thus slowing down the 
fermentation process e.g. reacting with cellulolytic enzymes, dysfunction of cell membrane, 
deprivation of substrate metal ions and minerals (Scalbert, 1991; Fahey and Berger, 1998). 
Their interaction with carbohydrates is said to be a direct inhibition process because it 
interferes with microbial breakdown. Tannins interact with the hydroxyl groups of fibres 
through hydrophobic bond formation. They form complexes with these insoluble materials, 
reducing the surface area for microbial fermentation hence inhibiting the fermentation process 
(Bidlack et al., 1992). However, the degree of inhibition depends on the type of microbes 
available in that ecosystem as well as the evolutional efficiency of the microbes. Some 
microbes have evolved in their defensive mechanisms so much so that they are able to tolerate 
certain amounts of tannins in their diet (Odenyo and Osuji, 1998; Odenyo et al., 1999). They 
do so by (i) secreting enzymes such as tannases in large quantities to assist in hydrolysing 
these molecules on fibre surfaces (Vaquero et al., 2004; Sasaki et al., 2005) and (or) (ii) 
secreting higher quantities of nonsense proteins, which minimize the amount of functional 
protein complexing with tannins.  
 
Indigestibility of fibre due to the formation of tannin-carbohydrate complexes is not as potent 
as the indigestibility of tannin-protein complexes (Hagerman and Butler, 1981). Tannins 
interact with proteins, forming tannin-protein complexes (Bhat et al., 1998.), which can either 
be classified as soluble or insoluble complexes. Tannin-protein interactions are based on 
hydrophobic interaction, hydrogen bonding but rarely ionic or covalent bonding. Tannins have 
a high affinity for proteins hence forming very strong tannin-protein complexes (Goel et al., 
2007). These proteins can either be dietary, salivary proteins, endogenous enzymes, cell 
surface proteins or microbial enzymes. Hydrogen bonding is favoured by the ability of 
phenolic groups to donate hydrogen to form strong hydrogen bonds with proteins. Protein 
precipitation is maximal at pH values nearer their isoelectric points. At high pH, tannin-
protein complex formation does not occur or occurs very slowly because both the phenolics 
and protein molecules are ionised with a net negative charge. Same charges imply that these 
molecules exert a repulsive force on each other. This emphasizes the need for buffering with 
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large volumes of salivary buffer to higher pH in ruminants fed on tannin-rich diets. Tannin-
protein complex formation is said to be the most important anti-nutritional aspect of tannins in 
ruminants. This is because these complexes are resistant to protease attacks and greatly reduce 
the availability of cellulolytic enzymes (Kumar and Vaithiyanathan, 1990).  However, smaller 
quantities of tannins in the rumen have also been found to be beneficial as they may bind 
proteases (which limits ruminal fibrolytic activities) suggesting a possible increase in fibre 
degradation (Weimer, 1998).   
 
Tannin-protein complexes are either soluble or insoluble, depending on the availability of each 
component (Rakhmani et al., 2005). Soluble complexes are favoured by high protein 
concentrations while insoluble complexes are favoured by lower protein concentrations in the 
reaction medium. Insolubility is due to the exposure of hydrophobic surfaces of many tannin 
molecules crowding around a single protein molecule hence precipitating it out of solution. 
Solubility is due to high hydrophilic molecules crowding the surface of the complexes formed. 
Soluble complexes are a major problem as they are quite difficult to measure in solution. 
Tannins also react with microbial cell walls (Ahmed, 2010), forming tannin-microbe 
complexes with a potential of inactivating microbial (bacteriostatic) activity (Kumar and 
Vaithiyanathan, 1990). Rumen microbes such as Streptococcus bovis, Butyvibrio fibrosolvens 
and Fibrobacter succinogens are inactivated by tannin complexing (McSweeney et al., 1998). 
Binding induces morphological changes and deprives microbes of certain metal ions. 
Bacteriocidal activities are also prominent under high concentrations of condense tannins 
(Kumar and Vaithiyanathan, 1990). 
 
Sotohy et al. (1997) reported that the total number of bacteria in the rumen of goats decreased 
significantly when the animals were fed with a tannin-rich plant (Acacia nilotica) and the 
decrease in population was directly proportional to the level of tannin in the diet. Decreasing 
the microbial population indirectly affects cellulolytic enzyme concentration and hence a 
decrease in fibre hydrolysis. Therefore, microbial inhibition is said to be an indirect inhibition 
of fibre hydrolysis. Tannins do not only affect fibre breakdown but also reduce palatability of 
fibre in ruminants due to their astringent taste. Astringency is due to the precipitation of 
salivary protein in the mouth. Reducing intake implies decreasing the amount of fibre 
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available for digestion hence indirectly affecting hydrolysis. Complex formation with proteins 
reduces the amount of nitrogen in the rumen necessary for microbial growth or lowering the 
fractional absorption of amino acids from the intestine (Waghorn, 2007). Nitrogen deficiency 
implies a decrease in the microbial population and a decrease in cellulolytic enzymes, and 
hence a decrease in fibre breakdown.  
 
2.6.4 Origin of short chain fatty acids in the rumen 
 
Rumen and hindgut microbial organisms depend on each other with respect to their metabolic 
activity. Microbes depend on the host to harvest and provide fibres, increase surface area for 
enzyme activity, regulate rumen pH, as well as maintain the internal temperature (38-39˚C) for 
optimum activity. These microbes in turn break down cellulose and hemicellulose 
macromolecules from maize plant cell walls into hexoses (glucose) and pentoses (e.g. xylose), 
respectively. Glycolysis is the main process by which these monosaccharides are metabolized 
to yield high energy molecules called adenosine triphosphate (ATP) and by-products such as 
pyruvate, and reduced nicotinamide adenine dinucleotide (NADH2); some pathways of 
pyruvate metabolism are illustrated in Figure 2.5. Glycolysis is completely anaerobic. 
Microbes utilise ATP liberated from glycolysis for microbial growth (synthesis of cells) and 
maintenance (Black et al., 1981). Pyruvate is converted into SCFA, namely acetate, propionate 
and butyrate. Short chain fatty acids are the essential metabolic molecules of interest to 
ruminants. The concentration of SCFA produced as end-products of carbohydrate 
fermentation varies depending on the bacterial species involved and the type of substrate 
consumed (Owens and Goestsch, 1998). Different pathways have been described for the 
conversion of carbohydrates into acetate, propionate and butyrate. Figure 2.5 demonstrates the 
major pathways that are involved in the conversion of pyruvate into SCFA. Fermentation of 
hemicelluloses to SCFA is very similar to that of celluloses but for the initial conversion 
stages of hemicellulose. Hemicelluloses are first hydrolysed into pentoses (xyloses) by 
hemicellulases and then converted into hexoses (fructose phosphates) that can enter the 
glycolytic pathway. Short chain fatty acid production varies from animal to animal as well as 









Figure 2.5 The production and conversion of pyruvate to volatile fatty acids in the rumen. McDonald 
(1995) modified. 
2.6.5 Fate of short chain fatty acids 
 
Understanding the fate of SCFA is as important as probing their origin.  Short chain fatty acids 
are essential metabolic substrates in fermenters nutrition since approximately 60% of the 
energy of feed comes from them. They are absorbed mainly from the rumen by simple 
diffusion across the rumen wall into the epithelial tissue and then into the blood stream 
(Bergman, 1990). Acetate and propionate diffuse through the rumen epithelium without any 
modification while a reasonable amount of butyrate is modified to beta-hydroxybutyric acid 
(ketone bodies) before diffusion (Leng and West, 1969; Bannink et al., 2008). This accounts 
for most of the ketone bodies in the blood stream of animals during feeding. Some of the 
SCFA (e.g. acetate and butyrate) are metabolised in the rumen epithelium to carbon dioxide. 
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All three SCFAs are involved in the tricarboxylic acid (TCA) cycle. The TCA cycle is a major 
energy generation pathway in ruminants and can only take place in the presence of oxygen 
(aerobic process). Short chain fatty acids are modified with coenzyme A (CoA) before 
introduction at different stages of the TCA cycle. In the cytoplasm of liver cells, free acetate is 
activated to acetyl-CoA in the presence of 2 ATP molecules and coenzyme A synthetase. 
Acetyl-CoA is an intermediate in the TCA cycle, which when completely oxidized yields 12 
ATP molecules. Butyrate is converted to butyryl-CoA in the presence of butyryl-CoA 
synthetase and 2 ATPS. The conversion of butyryl-CoA to aceto acetyl-CoA involves two 
stages with the release of reduced flavin adenine dinucleotide (FADH2) and NADH2. Aceto 
acetyl-CoA is then hydrolysed into acetyl-CoA, an intermediate in the TCA cycle. This 
undergoes the same oxidative process as any other acetyl-CoA molecule. The theoretical value 
of the numbers of moles of ATP released from the oxidation of butyrate is higher than that of 
acetate. Propionyl-CoA is an intermediate product formed from the reaction between 
propionate and CoA in the presence of 2 ATPs. Propionyl-CoA is then converted to succinyl-
CoA which is an intermediate in the TCA cycle by the introduction of carbon dioxide. The 
oxidation of succinyl-CoA yields a theoretical value of 20 moles of ATP which is lower than 
that produced from butyrate but higher than those from acetate. 
  
Propionate is a major substrate in the gluconeogenic pathway. Gluconeogenesis is the 
generation of glucose from non carbohydrate sources e.g. lactate, glycerol, amino acids and 
intermediates of the TCA cycle. Gluconeogenesis provides more than 90% of the total glucose 
needs in fermenters (Young, 1977; Danfær et al., 1995). This process is active immediately 
after feeding in fermenters. Glucose generated from propionate is the main source of glucose 
in ruminants (Danfær et al., 1995). Energy required at the tissue level of ruminants is provided 
mainly by the gluconeogenic pathway as very little or no bypass of glucose is observed except 
in cases where ruminants are fed with high concentrate feeds. Small quantities of propionate 
are converted to lactate in the rumen epithelium during absorption while the rest enters the 
portal blood vein to the liver. In the liver these molecules are converted to lactate, which 
enters the gluconeogenic pathway for glucose synthesis.  
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Alternatively, acetyl CoA is used for the synthesis of fatty acids, which are the building units 
of lipids. However the conversion of glucose molecules to the building units of lipids (acetyl 
CoA) is limited by the presence of ATP citrate lyase. Butyrate is converted into three major 
ketones, namely, β-hydroxyl butyrate, acetone and acetoacetate. About 80% of the total ketone 
produced is β-hydroxyl butyrate with some of it being used in fatty acid synthesis in the 
adipose and mammary gland tissues. Short chain fatty acids are not only utilised by ruminants 
for energy generation but also by microbes with limited supply of glucose. However, energy 
generation for microbial growth from SCFA is lower than that generated from glucose 
molecules. Therefore, SCFA are the main metabolic energy substrates in ruminants resulting 
from microbial fermentation of fibre with propionate being the most important in 
gluconeogenesis.  
 




Cellulases are enzymes that hydrolyse β-1,4 glucosidic bonds in fibre into oligosaccharides 
and monosaccharides (Hoshino et al., 1994). The term cellulase may sound simple but it is a 
complex enzyme system. There are two complex theories that attempt to elucidate the 
secretion and functioning of these enzymes. The first one states that cellulases are secreted as 
separate entities (exocellulase, endocellulase, and cellobiase) into the extracellular medium 
but functions synergistically on their substrate (Bayer et al., 1998a). Howell and Stuck (1975) 
revealed that cellulases are complex enzymes made up of different enzymes with specific 
functions. Reese et al. (1950) incubated cellulose with cellulases and demonstrated that 
cellobiose and glucose were the main by-products. They also noticed that the concentration of 
cellobiose decreased with time while that of glucose increased. King and Versal (1969) also 
showed that cellulases obtained from Trichoderma viride operate in a similar manner. They 
postulated that hydrolysis of cellulose occurs in two basic steps: firstly, hydrolysis of β-1, 4 
glycosidic bond by beta-1, 4 exocellulase producing cellobiose as the end product and 
secondly, the hydrolysis of glycosidic linkage of cellobiose by beta-1, 4 cellobiase yielding 
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                       n = natural numbers 
The complexity of cellulose existing in both crystalline and amorphous forms has given rise to 
a phenomenal diversity of hydrolytic enzymes (cellulases) secreted by microbes with respect 
to the type present in their environment. This implies that the activity of these enzymes will 
vary between species. Even within species the cellulolytic activity as well as molecular weight 
also varies as their genetic material is not identical. Freelove et al. (2001) demonstrated that 
there was another component of these enzymes that was responsible for the recognition of 
substrate (carbohydrate binding sites (CBH)). This protein component that recognizes and 
binds to cellulose surfaces is inert but enhances enzyme activity due to the proximity effect. 
Figure 2.6 demonstrates the hydrolysis of amorphous and crystalline cellulose by a complexed 
and non-complexed enzyme system. Endocellulases cut randomly within the amorphous 
molecule while exocellulases chip off cellobiose molecules from the non-reducing end of 




The second theory explains a greater level of complexity observed in some anaerobic 
microbes where several cellulases are grouped into an enzymatic complex, called cellulosome 
(Bayer et al., 1998a). Cellulosomes are extracellular super molecular machines that can 
efficiently degrade crystalline cellulosic substrates and associated plant cell wall 
polysaccharides (Shoham et al., 1999). The cellulosomal concept was first established by 
Lamed et al. (1983), in their study on the antigenic active cellulose-binding factor (CBF) of 
the bacterium Clostridium thermocellum. In an attempt to isolate and characterized the 
antigenic CBF, also called cellulose binding domain (CBD), they realized that the molecular 
weight was higher than predicted. Electron microscopic analyses of the CBF complex revealed 
a particulate, multi-subunit entity of a complicated quaternary structure.  This complex 
molecule was resolved into 14 polypeptide bands on a polyacrylamide gel (Laemmli, 1970). 
Eight of the polypeptide components exhibited celullolytic activity. They concluded that not 
-1, 4 exocellulase -1, 4 cellobiase
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only was the CBF complex molecule responsible for cell adherence to cellulose, but contain 
polypeptide chains that also hydrolysis cellulose. 
 
The cloning and sequencing of cellulase genes from Clostridium thermocellum led to the 
prediction of the modular structure and multi-subunits of cellulosome (Bayer and Lamed, 
1986; Shoham et al., 1999; Madkour and Mayer, 2003; Desvaux, 2005). Although anaerobic 
clostridial species were the only species with full genetic information available, signal 
sequences have been identified in other species including anaerobes and fungi (Table 2.6). 
 
The different types of glycosyl hydrolases involved with cellulosome complexes are 
cellulases, hemicellulases and some carbohydrate esterases. All the enzymes are held  
 
 
Figure 2.6 Schematic representation of the hydrolysis of amorphous and microcrystalline cellulose by a 
non-complexed (A) and a complexed (B) cellulase system. Solid squares represent reducing ends and 




together by a major polypeptide called scaffoldin, also known as cellulosome integrating 
protein A (CipA). The different activities of scaffoldin are dictated by its functional modules, 
dokerin domains, cohesion domains and CBD (Bayer et al., 1998a; Shoham et al., 1999; 
Desvaux, 2005). Scaffoldin interacts with the following processes, cellulose binding, cell 
anchorage and the organization of enzyme subunits in the complex as well as promoting the 
cellulosomal enzyme activities. Cohesin facilitates the interaction of cellulosomal complex 
with enzymes and cell surface. Dockerin allows the interaction of catalytic domain and 
cohesin domains. The molecular weights of cellulosome complexes range from 40 to 180 
KDa. Cell-free cellulosome clusters coating substrate surface and solubilizing celluloses has 




Table 2.6 Evidence for cellulosomes in cellulolytic microorganisms 
Organism  Cellulosome signature sequence 
Protein Domain 
Anaerobic bacteria 





Clostridium cellulolyticum,  
Clostridium josui 
Acetivibrio cellulolyticus  
 
 
Bacteroides cellulosolvens  
 



































Neocallimastix, Piromyces,  
Enzymes  Fungal dockerins 
Abbreviations: CBD, cellulose-binding domain, CohI, type-I cohesin domain; CohII, type-II cohesin domain; 




 Shoham et al. (1999) 
 





The intriguing question is, why is the arrangement of cellulases in a cellulosome complex 
more efficient than free enzyme systems in the solubilisation of crystalline cellulose?  
Cellulosomes allow optimum cooperative activity and synergism of cellulase, avoids non-
productive adsorption of cellulases, limits competition between cellulases for the site of 
adsorption and optimal processing of the cellulose all along the cellulose fibre (Schwarz, 
2001). Johnson et al. (1982) compared crystalline cellulose solubilisation by cellulosome from 
C. thermocellum to that of free enzyme systems of  Trichoderma reesei and found a much 
lesser amount of protein from C. thermocellum  was required to completely solubilize the 
same amount of substrate. Boisset et al. (1999) also demonstrated that cellulosomes from C. 
thermocellum were more efficient in solubilizing substrates of high crystalline content. Cell-
density dependent growth is affected by the availability of solubles released from cellulose. 
Cellulosome-mediated attachment of microbial cells to celluloses has an urge over microbes 
secreting free enzymes with respect to solubles utilization. This is because solubles generated 
by free enzymes away from the cells are not readily available. Therefore, limiting the 
concentration of solubles available to support growth at very low cell densities as compared to 
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cellulosomal systems where cells are available at the site of solubilisation. Cellulose 
solubilisation is a step wise process involving more than one enzyme. Therefore, the 
concentration of these enzymes in a cellulosome suggests an even stronger synergism among 
the catalytic units. Further research on the structural arrangement of cellulosomes and its 
benefit would be beneficial in the feed industries.  
 
Although there is evidence supporting the cellulosome concept as a major break-through for 
the solubilisation of cellulose, many questions still need to be readdressed; (i) more evidence 
on the advantages of cellulosome over free cellulases, (ii) the overall structure of cellulosome, 
(iii) cellulosome secretion, attachment and assembly on the bacteria surface, (iv) whether a 
particular microbial species can produce both cellulosome and free cellulases, (v) what are the 
functions and structures of the accessory domains?, and (vi) its stability and survival in the 
rumen when applied as feed additives. 
 
2.8 Cellulose additives 
 
More than 70% of forage content consumed by ruminants when grazing on the fields is made 
up of fibre (Buxton et al., 1995). Fibre hydrolysis is a major problem in these animals as less 
than 40% is hydrolysed for metabolic purposes and the rest excreted as faeces. Agriculturists 
have found it very difficult to sustain the cost of their forages as much of it is wasted as 
faeces. The high cost and wastage of fibre intake has instigated many researchers to carry out 
different studies on the possibilities of improving fibre digestibility. Research directed towards 
cellulose additives seems to pay a dividend on digestibility. Cellulose additives are substances 
that are administered to fermenters to enhance fibre breakdown. The different substances 
include enzymes, antibiotics, probiotics and buffers. 
2.8.1 Antibiotics 
 
Although antibiotics over the past decades have shown the potential of improving feed 
digestibility in herbivores, their application as growth promoting factors in feeds was banned 
by the European Union in January 2006 (Regulation 1831/2003/EC) due to concerns about the 
appearance of residues and resistant strains of bacteria (Gustafson and Bowen, 1997). 
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Antibiotics are chemical substances that halt the growth of micro-organisms e.g. pathogenic 
microbes. These chemical compounds are very effective when applied in small quantities. 
Some examples of antibiotics that are believed to reduce liver abscesses includes; tylosin, 
bacteriocin methylene disalicylate, chlortetracycline, oxytracycline and verhiniamycin 
(Nagaraja and Chengappa, 1998). Antibiotics are produced by micro-organisms for protection 
against other microbes. Scientists have exploited these molecules to protect or eliminate 
undesirable microbial species in a specific environment. The development of advanced 
biotechnology has made it possible for laboratory synthesis of antibiotics. The rumen is 
inhabited by a variety of microbes but not all of these microbes are important to the host. The 
following negative effects have been associated with non-symbiotic microbes in the rumen: 
production of toxins, competition with the host for nutrients (Wells et al., 1997), decreased 
absorptive capacity of the ruminal wall and synthesis of unwanted macromolecules and by-
products e.g. lactic acids and methane. Megasphaera elsdenii has been found to compete with 
cellulolytic microbes and host for glucose. The presence of Lactobacillus ruminis and 
Streptococcus bovis increases the concentration of lactic acid, thereby promoting lactic 
acidosis (Russell and Hino, 1985). Bacteriocin administered through injection, food or water 
was associated with a relative decrease in such bacteria and an increase in cellulolytic bacteria 
activity (Chen and Wolin, 1979). The decrease in ruminal anaerobic fungi population has been 
associated to bacteriocin toxin to eliminate competition on available substrate (Dehority and 
Tirabasso, 2000). They observed that in the presence of antibiotics, ruminal fungi population 
increased by 42-fold in three days while it almost disappeared after a day of incubation in the 
absence of antibiotics. Due to the continuous resistance exhibited by some microbial strains, 
most researchers have turn their focus on plant extracts, essential oils, enzymes, probiotics 




Ionophores are highly lipophilic (lipid-soluble) molecule usually synthesized by 
microorganisms to transport ions across the lipid bilayer of the cell membrane. It can also be 
antibiotic as some have been found to disrupt transmembrane ion concentration gradients, 
required for the proper functioning and survival of microorganisms (Pressman, 1976). Some 
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examples of ionophores include; monensin, lasalocid, tetronasin, lysocellin, narasin and 
laidlomycin. Monesin is the most extensively used ionophore. Its exploitation in countries like 
the United States has been tremendous with the improvement of feed utilization efficiency 
being the main benefit.  On application of monensin feed intake often decreases while the rate 
of body weight gain may not or may increase slightly (Rumsey, 1984). Increase in feed 
utilization efficiency has also been seen as a cumulative effect of an ionophore on different 
metabolic processes. Monensin in particular has been found to decrease methane production 
by 30% (Thornton and Owens, 1981; Schelling, 1984), increase the ratio of propionic to acetic 
acid production (Richardson et al., 1976; de Oliveira et al., 2005) and inhibit the growth of 
some proteolytic ruminal bacteria (Dinius et al., 1976) hence a decrease in protein 
deamination to ammonia (Newbold et al., 1988). An increase in ruminal pH and a decrease in 
lactate concentrations were observed in cattle fed with monensin in their diet (Dennis and 
Nagaraja, 1981; Nagaraja et al., 1982). This implies that the sustainability of cellulolytic 
microbes sensitive to lower pH would be higher than when fed without monensin. Although 
some researchers have reported no or negative effects about ionophores, their beneficial 




Probiotics are antagonistic to antibiotics. They are chemical compounds or microbes (fungi 
and yeast) that enhance the growth of certain bacteria (Fuller, 1989). As mentioned in the 
above paragraph, the rumen harbours a variety of microbes, some of which are very important 
to the host and others that are of less importance. The elimination of the non-essential 
bacterial population is also important as this action favours the growth of essential bacteria. 
Some of the essential microbes in the rumen include Ruminococcus flavifaciens (Gram-
positive bacterium) and a Gram-negative Fibrobacter succinogenes (Weimer, 1996). R. 
flavifaciens has the ability of secreting both hemicellulases and cellulases in the ruminal 
growth medium. The presence of these two enzymes plays a vital role in fibre breakdown as 
one digests the hemicellulose mesh network cross-linking cellulose exposing the cellulose for 
cellulases to act on. F. succinogenes ferments glucose releasing by-products such as acetate, 
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succinate and energy (ATP). Apart from cellulolytic microbes, other microbes in the rumen 
utilize these by-products to generate energy.  
 
Different cellulolytic microbes hydrolyse fibre with a net positive change being energy 
production but the by-product depends on the species. The different by-products include 
methane, fatty acids, lactic acid, succinate, hydrogen (NADH) and carbon dioxide. Veillonella 
parvula is a Gram-negative bacterium that utilizes lactic acid as growth substrate from which 
it produces end-products such as acetate and propionate. V. parvula has a double function 
because it eliminates lactic acid from the rumen preventing lactic acidosis but at the same time 
producing propionate which is a gluconeogenic substrate. Therefore, it enhances the growth of 
both the host and the bacteria. Other microbes that utilize lactate as substrates while producing 
SCFA as by products are Megasphaera elsdenii and Selenomonas ruminantium. Acetaculum 
ruminis and Ruminococcus schinikii utilize carbon dioxide as a source of carbon and hydrogen 
from NADH to supply reducing equivalence. The introduction of chemical compounds that 
enhance the growth of such bacteria is essential in enhancing growth. On the other hand 
microbes such as Streptococcus bovis compete with celullolytic microbes for glucose 
producing lactic acid as by-product. In vitro growth assays demonstrated that S. bovis JB1 was 
sensitive to tannic acid, acacia, and calliandra tannins while S. gallolyticus was more tolerant 
at low levels of tannin (Krause et al., 2005). Hence, chemicals which tend to eliminate such 




Cellulases secreted by microbes in the rumen are responsible for fibre breakdown. 
Theoretically, it is possible that an increase in cellulase or cellulosome concentrations will 
increase the rate of enzyme activity. Biotechnological advancement has made it possible for 
large quantities of enzymes to be synthesized at moderate cost (Sun et al., 2008). Microbes 
from different ecosystems have been isolated and chemically engineered to express cellulases 
(Cavicchioli and Watson, 1991; Morgavi et al., 2000; Wallace et al., 2008). Supplementing 
roughage feeds with variable quantities of exogenous enzymes showed minimal increment in 
fibre hydrolysis (Colombatto et al., 2003; Colombatto et al., 2004). This small increase 
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irrespective of the large amount of enzyme applied was due to the dynamic nature of the 
rumen physiology. Secondly, these enzymes are protein in nature and are rapidly hydrolysed 
by the potent microbes in the rumen. Therefore, the stability of these enzymes in the rumen is 
more of a limiting factor than the addition of enzymes itself (Morgavi et al., 2000). Although 
the success rate of exogenous enzyme application is minimal, it still possesses the potential of 




Buffers are solutions that resist minimal changes in pH. Like any other microbes, cellulolytic 
microbes have an active pH range of 6.2-6.8 (Jouany, 2006). Any alteration of this pH to a 
very high or lower value will have a negative impact on their activity. Fluctuations in ruminal 
pH are common especially when forages with high content of soluble carbohydrates  are 
consumed e.g. an increase in lactic acid concentration due to the fermentation of glucose by 
Lactobacillus ruminis decreases the pH leading to a serious clinical condition known as lactic 
acidosis. Lactic acidosis can either be sub-acute (pH range 6.0-5.0) or acute (pH<5.0) (Krause 
and Oetzel, 2006). However, sub-acute acidosis in dairy animal can also be caused by 
temporary accumulation of total SCFA (Oetzel et al., 1999) often due to inefficiency of the 
ruminal papillae to absorb large quantities (Dirksen, 1985). Acute lactic acidosis implies a 
reduction of microbial population hence a decrease or an inactivation of enzyme activities 
(Quinn, 1962). The breakdown of microbial population depends on how long the drop in pH 
last rather than the actual drop in pH (Maekawa et al., 2002; Beauchemin et al., 2003b). 
Rumenitis (inflammation of the rumen) is very common in animals with acute acidosis since 
the epithelial cells are not protected by mucus.  Acute acidosis can kill the animal if it is not 
recognized in time.  
 
In order to regulate the fluctuating pH levels in the rumen, a variety of buffers have been 
introduced in ruminant feed and investigated e.g. magnesium oxide, calcium carbonate 
(limestone) and sodium bicarbonate (Erdmann, 1988). Low rumen pH can easily be controlled 
by adding buffers to the diet at doses of 1-2% dry matter intake (Erdmann, 1988). These 
buffers regulate the concentration of hydrogen ions as well as the dilution rate of fluid in the 
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rumen. A decrease in hydrogen ion concentration by these buffers increases the efficiency of 
microbial activity (Edwards and Poole, 1983). Increased dilutions were found to be relatively 
advantageous as soluble carbohydrates and proteins were easily flushed from the reticulo-
rumen into the abomasum. The shorter the retention time of soluble carbohydrates the smaller 
the quantity of lactic acid hence a decrease in pH fluctuation. Therefore, proper buffering of 
the ruminal environment would definitely decrease enzyme inactivation or death of fibrolytic 
microbes hence an increase in stover digestibility.   
 
2.9 Microbial variations in herbivores 
 
Herbivores cannot digest fibre but depend entirely on microbial fermentation in the rumen and 
hindgut (Wallace et al., 2008). These microbes supply proteins (90%), vitamins and SCFA to 
the host animal. The microbes are subjected to a variety of forages and environmental 
constraints that affects degradability. The efficiency of utilizing such a wide variety of 
substrates is due to the highly diversified rumen microbial ecosystems consisting of bacteria, 
protozoa, fungi and even bacteriophages (Krause et al., 1999). Microbial species, dominant 
microbial population and the type of forage involved may play a vital role in influencing 
microbial activity and efficiency.  
 
Krause et al. (1999) demonstrated that cellulose fermentation varies among the following 
microbial species: Butyrivibris fibriosolvens, R. albus, R. flavefaciens and F. succinogens. 
When a group of 22 B. fibriosolvens strains were assessed for their ability to degrade spear 
grass few could digest more than 10 % of the DM (McSweeney et al., 1998). A similar study 
by Krause et al. (1998) also demonstrated that microbial activity varies greatly among strains 
of R. albus and R. flavefaciens. They called the most active strains superior fibre degraders. B. 
fibriosolvens strains also showed a potential to digest xylan hence exposing cellulose for 
fermentation (Hespell et al., 1997).  
 
Microbial species are also said to vary among herbivore hosts of the same or different species 
coming from the same or different geographical regions. This was demonstrated by Leng 
(1990) when R. albus from the same host species demonstrated variable activity. They also 
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showed that the activities of isolated strains from the same host as well as different hosts from 
different geographical regions are even more variable in their activities. This implies that a 
random combing of different wild lives from different geographical regions could lead to the 
elucidation of more active strains. 
 
Forage type is said to play a major role in microbial activity as they influence microbial 
species, population as well as their evolution (Varga and Kolver, 1997). Microbes sense 
environmental signals and adapt with the nutrient available (Stock et al., 1989; Stock, 1999). 
Therefore, ecosystems subjected to roughage will switch on microbial fibrolytic systems 
available in the ecosystem. This was observed when two bacterial membrane proteins 
(histidine kinase and cytoplasmic regulator protein) were activated and hydrolytic enzyme 
expression systems were switched on when subjected to soluble polysaccharides (Stock, 
1999). Although little is known about how bacteria sense the presence of substrate, and alter 
gene expression, four major protein phosphatases are said to be involved in this process (Shi et 
al., 1998). 
 
Digestibility depends on the rate and extent of colonization of fibre and the biomass of 
adherent organisms (Cheng et al., 1990). Therefore, fibre digestibility may be enhanced with 
an increase population of superior degraders. Although microbial population and activity is 
said to play a vital role, Maglione et al. (1997) demonstrated that cellulose digestion is not 
only limited by microbial population or the activity of cellulolytic microbes but also by the 
amount of cellulose available for attack. This emphasizes the need for active symbiotic 
microbes to degrade encrusting substances (e.g. lignin and phenolics), and expose more 
cellulose (Dehority, 1991).  
 
Screening many ecosystems, both domestic and wild, might lead to the revelation of more 
superior fibre degraders which when merged can lead to a more superior ecosystem. Secondly, 
the exposure of more active non-cellulolytic microbes with the potential to degrade anti-
nutritional factors will be advantageous to cellulolytic microbes in symbiotic systems. 
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2.10 A hypothetical model for the improvement of maize stover digestibility 
 
The quantity of MS wasted as by-products from farms or industries is unavoidable. Numerous 
experiments have been carried out on the improvement of fibre hydrolysis as a source of 
energy in ruminants but with little success. Earlier attempts included the chopping and 
grinding of fibre material to increase the surface area for enzymatic hydrolysis (Bourquin et 
al., 1990). Increasing the surface area showed a very small increase in fibre utilization as there 
were other inhibiting factors such as hemicellulose and lignin encrusting the cellulose. It is 
difficult to get rid of these macromolecules in order to expose cellulose during the 
improvement of MS digestibility. Isolating and purifying the different components of 
cellulases responsible for fibre breakdown has been the main topic of the millennium. 
Different research groups have engaged in purifying and investigating the activities of 
exocellulases, endocellulases or cellulasomes from different strains of bacteria while hoping to 
find strains with higher activity. Many active fibrolytic enzymes have been found but limited 
by their stability and hydrolysis by proteases in the rumen. Others research bacteria strains 
with the capacity to synthesize cellulase, hemicellulase and ligninase.  
 
However, Wanapat (2000) looked at fibre hydrolysis in a different way where he transferred 
digesta from swamp buffalos into cattle. He established that buffalo digesta were sustained in 
cattle for up to 14 days. This is an indication that microbes with superior fibrolytic activity can 
be transferred from endowed into deficient ruminants. With respect to the information 
available on cellulases and the different research carried out on the improvement of fibre 
hydrolysis, it is can be hypothesized that if microbes from a variety of rumen ecosystems with 
higher activities are merged to form a new ecosystem (composite system) MS hydrolysis may 
be improved (Figure 2.8). The rate of MS hydrolysis might be higher in the new system than 
in the control systems. Fibrolytic enzyme expression would be a continuous process if 
transferability is successful. This symbiotic system might also be a more superior enzyme 


















Feed deficiencies in winter have been identified as one of the many problems in animal 
production especially in the poorer communities in Africa that own livestock. This problem 
can be solved by feeding animals with crop residues e.g. maize stover with feed potentials 
during these periods. Although crop residues are abundant their usage is limited by poor 
information about its nutritional value and lack of technologies for processing and storage. 
Therefore, government and NGO interventions in sensitizing and subsidizing such 
technologies are very important for the utilization and commercialization of crop residues. 
 
 
Ruminants derive a considerable proportion of their dietary needs from the digestion of cell 
wall polysaccharides of plants. These polysaccharides comprise crystalline cellulose in a 
matrix of hemicelluloses, which may associate physically and chemically with lignin. Its 
nutritional functions are very limited as herbivores depend on microbes for fermentation. The 
digestibility of fibre is greatly influenced by the amount and distribution of hemicelluloses, 
pectin and lignin. Ruminants are the only animals that seem to handle fibre breakdown 




However, hydrolysis by these enzymes is still limited as the fibre concentration lost as faeces 
is still very high. There have been a number of positive attempts with regards to fibre 
hydrolysis but there is still a lot that needs to be uncovered. The merging of two ecosystems 
might pave the way for the improvement of fibre breakdown rather than using purified 
enzymes. This may be more efficient and cheaper because if cellulolytic microbes are able to 
compete and survive in the new ecosystem, enzyme secretion will be a continuous process and 




























Laboratory cultured faecal inoculum is a better substitute for fresh rumen 




The objectives of this study were to; (i) preserve whole rumen fluid (RF) or faecal fluid (FF) in the 
laboratory by culturing using very simple laboratory techniques and (ii) study the effect of substituting 
fresh RF with fresh or laboratory cultured FF as an alternative inoculum source for in vitro dry matter 
digestibility. Rumen fluid and faeces were collected from two non-lactating fistulated jersey cows (3.5 
yr old). Cultured inocula were prepared by incubating RF or FF with salivary buffer, maize stover 
(MS) and lucerne (1:1) at 39°C for three days. For fresh incubation (FI) or cultured incubation (CI) 
systems, RF or FF were mixed with salivary buffer containing MS (1g) and incubated at 39°C for 72 h. 
Apparent degradability (APD), true degradability (TD), total gas produced (GP), total short chain fatty 
acids (SCFA) and gas kinetic parameters were determined after incubation. Faecal fluid activity was 
also monitored for 42 d by measuring the GP from fermentation. For enzyme assays crude proteins 
precipitated by 60% ammonium sulphate from RF or FF were assayed for exocellulase, endocellulase 
and hemicellulase specific activities (µg reducing sugar/mg crude protein). Exocellulase specific 
activity was higher (P<0.001) in RF than FF for FI whereas in CI, RF exocellulase specific activity 
was lower than that of FF. True degradability and GP in both FI and CI systems were higher (P<0.001) 
in RF than in FF. The rate of MS fermentation (C) did not differ among systems and between 
incubations. Partitioning factor and degradability efficiency for both RF and FF were similar in FI but 
differed (P<0.001) in CI. Gas from slowly but degradable fraction of MS was higher (P<0.001) for RF 
in both FI and CI when compared to FF. Total SCFA was higher (P<0.001) in RF than FF in FI but 
was lower for RF in CI. Laboratory cultured FF were active (P<0.001) for up to 6 weeks but with 
better results obtained in week 1. Cultured FF is a better substitute for fresh RF as shown by their 
percentage differences in exocellulase activity (0.4%) and TD (7%), compared to the differences 
observed between fresh RF and FF for exocellulase activity (33%) and TD (14%). This study suggests 
that cultured inocula would reduce the cost of experimentation without compromising the reliability of 






Most in vitro digestibility studies rely on the fermentation of feed using buffered rumen fluid 
as an inoculum (Tilley and Terry, 1963; Menke et al., 1979; Stern et al., 1997; De Boever et 
al., 2005; Mirzaei-Aghsaghali et al., 2007; Prates et al., 2010). This is because rumen 
inoculum has been found to yield results which mimic those from in vivo studies (Gizzi et al., 
1998; Brown et al., 2002). Despite the reliability of the results obtained from using rumen 
fluid, there are still some major drawbacks which render it difficult to be exploited by 
researchers especially those in the developing countries. These drawbacks include; the 
requirement of animals and surgical operation (fistula), constant care to avoid infection, long 
term maintenance (expensive), difficulties of traveling when animals are far from the 
laboratory and ethical issues of using these fistulated animals (Stern et al., 1997; Mauricio et 
al., 1999; Mauricio et al., 2001). 
 
Finding alternative inoculum (faecal fluid) which does not involve surgical procedures is 
necessary. Numerous studies have shown positive correlations between rumen and faecal 
inocula in in vitro digestibility studies from either bovine or sheep (Gonçalves and Borba, 
1996; Nsahlai and Umunna, 1996; El-Meadaway et al., 1998; Mauricio et al., 2001; Cone et 
al., 2002; Mould et al., 2005). While many studies engage in comparing rumen and faecal 
inoculum incubations of the same animals (El-Meadaway et al., 1998; Váradyová et al., 2007), 
a few extended the research by comparing faecal inocula from ruminants and hindgut 
fermenters (Denek and Can, 2007; Denek et al., 2008).  Denek and Can (2007) reported that 
buffered faecal inoculum from hindgut fermenters had the highest potential for predicting in 
vitro dry matter degradability than cattle and sheep faecal inocula.   
  
Campbell et al. (2002) and Váradyová et al. (2007) estimated the fermentative capacity among 
lemur species using faecal inoculum. El-Meadaway et al. (1998) showed that there were 
minimal differences observed in in vitro dry matter degradability between rumen inoculum 
and 3% fresh faecal samples but values were lower when 6-15% fresh faecal inoculum was 
used. The results were similar to those obtained by El Shaer et al. (1987) and Nsahlai and 
Umunna (1996). Collecting fresh samples every day for in vitro incubations can be expensive 
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(Hervás et al., 2005) especially when the experimental animals are far from the laboratory. 
Studies showing how whole rumen or faecal inoculum can be managed in the laboratory for a 
few days for further experimentation using simpler techniques are rare in the literature (Akhter 
et al., 1995; Rymer and Givens, 2000; Hervás et al., 2005; Denek et al., 2010; Prates et al., 
2010). The different storage methods that have been investigated include; storage at low 
temperature or freezing over 24 h interval (Hervás et al., 2005; Prates et al., 2010), liquid 
nitrogen freezing (Prates et al., 2010) and cryoprotection (glycerol or dimethyl sulphur oxide) 
(Denek et al., 2010; Prates et al., 2010). The different studies demonstrated that, maximum 
fermentation was not greatly affected but the fermentation rate was affected and initiation 
delayed.  
 
Continuous in vitro culture systems mimicking rumen fermentation have demonstrated the 
importance of these systems in elucidating knowledge of the rumen ecosystem. However, the 
extensive use of these systems is limited by inherent problems in the technique as well as 
difficulties and complexities specific to each system (Vatthauer et al., 1970a; b).  The cost of 
the system as well as running and maintenance cost is a major limitation especially in the 
developing countries. Since faecal inoculum from different wild animals will be the main 
source of inocula in the current study, it is imperative to investigate cheaper methods of 
storage in the laboratory and their adaptation on a common substrate (maize stover) prior to 
application.  
 
This study investigated; (i) preserve whole rumen fluid (RF) or faecal fluid (FF) in the 
laboratory by culturing using very simple laboratory techniques and (ii) the possibilities of 
substituting fresh RF with fresh or cultured FF as an inoculum source. It is hypothesized that 
culturing rumen or faecal inoculum in the laboratory would increase fibre fermentation while 
reducing the cost that would be incurred for daily collection of inocula.   
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3.2 Materials and Methods 
3.2.1 Chemical composition of maize stover 
 
Maize (white maize hybrid PAN6479) was cultivated in spring at Ukulinga, University of 
KwaZulu-Natal South Africa. The stovers were harvested at grain dry stage, dried and milled 
through a 1-mm screen. Dry matter (DM) was determined by drying the milled samples in a 
fan oven at 90°C overnight. Nitrogen was determined by micro-Kjeldahl method and crude 
protein calculated as Nx6.25 according to AOAC (1990). Neutral detergent fibre (NDF), acid 
detergent fibre and acid (ADF) detergent lignin (ADL) were determined as described by Van 
Soest et al. (1991). Hemicellulose was calculated by subtracting ADF from NDF and cellulose 
by subtracting ADL from ADF.  
 
3.2.2 Experimental animals 
 
Two rumen fistulated Jersey cows (~ 400 kg and 3.8 yr old) were obtained from the Ukulinga 
Research Farm, University of KwaZulu Natal, Pietermaritzburg. Fistulated cows (non-
lactating) were fed ad libitum on hay (veld) in the morning before allowing them to graze on 
an open field where Pennisetum clandestinum (Kikuyu grass) and other grass hay were 
dominant. This study was conducted in autumn (March – May, 2009). 
 
3.2.3 Inoculum collection and preparation 
 
For enzyme assays, a modified procedure previously described by Smith et al. (1974) was 
employed when collecting rumen samples from fistulated cows. Rumen fluid (200 ml) was 
collected from both cows at the same time through a fistula before feeding in the morning, 
strained through four layers of cheese cloth (pre-warmed and flushed with CO2) and treated 
immediately with 150 µl of phyenylmethylsulfonyl fluoride (0.1 mM PMSF) to inhibit 
proteases from lysing enzymes of interest (Tilley and Terry, 1963). Faecal suspensions (faecal 
fluid) were made by diluting 150 g of faeces (collected before feeding from the rectum) into 
150 ml of homogenization buffer (50 mM sodium-acetate buffer, 0.02% (m/v) NaN3, and 0.1 
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mM EDTA at pH 5.0) before straining through four layers of cheese cloth. It was treated with 
150 µl of 0.1 mM PMSF before being transported in an airtight thermo flask maintained at 
38ºC to the laboratory.  
 
For in vitro digestibility studies, rumen fluid (RF) and faecal fluid (FF) for fresh incubations 
(FI) were collected as described for enzyme assays in the previous paragraph but for the 
exclusion of PMSF as well as replacing homogenization buffer with salivary buffer (buffer C) 
for faecal inoculum. Buffer C was made by titrating 2l of warmed solution A (solution A, 
19.60, 7.40, 1.14, 0.94 and 0.26 g of NaHCO3, Na2HPO4, KCl and MgCl.6H2O, respectively 
in 2 L distilled water) with 2 ml of Solution B (5.3 g CaCl2.2H2O in 100 mL distilled water) 
just before use while continuously stirring to form a complete buffer solution. 5.8 g of 
ammonium sulphate was dissolved in buffer C as a nitrogen supplier (Tilley and Terry, 1963). 
Buffer C was flushed with CO2 till the whitish solution became clear. Carbon dioxide was 
generated in the airtight thermo flask while in the field by reacting calcium carbonate with 
sulphuric acid to maintain anaerobiosis.  
 
3.2.4 Rumen fluid and faecal fluid culturing 
 
Rumen fluid or FF for laboratory culturing was collected as described in section 3.2.3. Rumen 
fluid or faecal filtrate (198 ml) was pipetted into 402 ml of salivary buffer (flushed with CO2 
and placed in an incubator to equilibrate to 39°C for 1 h) containing 6 g lucerne and maize 
stover (1:1), which had been milled through a 1-mm sieve. The culture samples were flushed 
with CO2 and incubated for 72 h at 38.5
o
C in airtight Duran® bottles (4 L).  After 72 h, 
cultured RF or FF were used as inocula for in vitro cultured incubations (CI) as well as 
analysed for cellulase activities. 
 
3.2.5 Crude Protein extraction 
 
Protein isolation was done using a slightly modified procedure described by Henry et al. 
(1975). Both RF and FF (100 ml) were used for protein isolation. Sample solutions in sealed 
centrifuge tubes were placed on a shaker for 30 min to facilitate bacteria detachment from 
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fibres before centrifuging (6500xg, 30min at 4°C) to sediment particulate matter. The 
supernatant was centrifuged (30 000xg, 15 min at 4°C) to sediment bacteria cells. The 
sedimented particles and bacterial cells were dissolved in 10 ml and 5 ml of homogenization 
buffer respectively, sonicated (to lyse bacteria cells) and centrifuged (30 000xg, 15 min at 
4°C). The supernatants of the three different steps were pooled (Figure 3.1) and centrifuged 
(30 000xg, 15 min at 4°C) to sediment any unlysed cells. Ammonium sulphate (60% (m/v) 
(NH4)2SO4) was dissolved in the sample solution to facilitate protein precipitation before 
centrifuging (7000xg, 15 min at 4°C). The precipitate was dissolved in 10 ml of storage buffer 


















Figure 3.1 A flow chart for the precipitation of cellulase and hemicellulase from rumen fluid and faeces 
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Each sample solution was pipetted into a dialysis membrane and immersed in a 2l storage 
buffer solution overnight (12 h). Dialyzed sample solutions were concentrated using 
polyethylene glycol 20 000. 
 
3.2.7 Determination of protein concentrations 
 
Bradford (1976) dye-binding assay was used to determine crude protein concentrations. A 
standard curve for a micro assay was prepared with bovine serum albumin (BSA) 
concentrations of  0, 5, 10, 20, 30 and 40 µg/100 µl of reaction buffer (20 mM sodium acetate, 
0.02% (m/v) NaN3 and 0.1 mM EDTA at pH 5.0). Nine hundred microlitres (900 µl) of 
Bradford reagent (600 mg Coomassie Brilliant Blue G-250 dissolved in 1L of 2% perchloric 
acid and filtered through Whatman number 1 filter paper) was pipetted onto the standard 
solution (100 µl) and absorbance read at 595 nm after 3 min. For the unknown protein sample 
solutions, 5µl was diluted into 100 µl of the reaction buffer before adding Bradford reagent 
(900µl) and allowed to stand for 3 min. Each assay was performed in triplicates and 
absorbance was measured at 595 nm. Unknown protein concentrations were determined from 
the standard curve. 
 
3.2.8 Enzyme assays 
3.2.8.1 Exocellulase activity (crystalline cellulase) 
 
Crystalline cellulase activity was assayed following a slightly modified version of the method 
described by Gerrit et al. (1984) to suit the crude protein assays. Crystalline cellulase activity 
was measured by pipetting 0.5 ml of 1% (m/v) crystalline cellulose in the reaction buffer into 
0.5 ml of crude protein solution obtained from rumen fluid or faeces and incubated for 72 h at 
39ºC (standard assay condition). The enzyme reaction was stopped by boiling at 100ºC, 
following which the reaction mixture was centrifuged (6000xg, 5 min at 4°C) and 400 µl 
samples analysed for reducing sugars using 3, 5-dinitrosalicylic acid (DNS) method. Each 
ecosystem was represented by three samples each of which was analysed in triplicates. 
Specific enzyme activity was measured in µg of glucose/µg protein. 
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3.2.8.2 Endocellulase (carboxymethyl cellulase) activity 
 
A modified version of the method described by Gerrit et al. (1984) was used to investigate the 
activity of endocellulase. The reaction mixture contained 0.5 ml of 0.5% (m/v) carboxymethyl 
cellulose (CMC) in the reaction buffer at pH 5.5 and 0.5 ml of crude enzyme. The enzyme 
reaction was stopped by boiling at 100ºC after incubating at 39ºC for 2 h. Samples were 
centrifuged at 6000xg at RT for 5 min, then 400 µl of the reaction mixture was analysed for 
reducing sugars using DNS method.  
 
 3.2.8.3 Hemicellulase (xylanase) activity   
 
A modified procedure described by Khanna (1993) and Seyis and Aksoz (2005) to suit crude 
protein assays was used to assay xylanase activity. The assay was carried out by pipetting 0.6 
ml of 0.1% (m/v) xylan solution in the reaction buffer (pH 5.0) into 0.4 ml of crude protein 
solution and incubating at 39ºC for 1 h. The reaction was stopped with 100 µl of 200 mM 
NaHCO3, centrifuged (at 6000xg for 5 min) and analysed for reducing sugars using the DNS 
method. Each ecosystem was represented by three samples each of which was analysed in 
triplicates. Specific activities of the above enzymes were defined as µg of xylose/ mg crude 
protein. 
 
3.2.9 Quantification of reducing sugars 
 
Dinitrosalicylic technique was chosen because of its sensitivity, simplicity and availability. A 
standard curve of micrograms of reducing sugars (glucose or xylose) against absorbance at 
540 nm was plotted as described by Wood and Bhat (1988). Dinitrosalicylic acid reagent, 600 
µl (0.001 M sodium metabisulphate, 0.708 M potassium sodium tatrate, 0.25 M sodium 
hydroxide, and 0.021 M phenol) was pipetted into 400 µl of the sample solution and boiled for 
5 min. The reaction mixture was then cooled under running tap water and the absorbance 




3.2.10 In vitro digestibility 
3.2.10.1 In vitro gas production 
 
The automated gas production method was described by Pell and Schofield  (1993), Blummel 
and Becker (1997) or Ouda (2007) using the computerized pressure transducer system. Maize 
stover (milled through a 1-mm sieve) was weighed (1 g) and transferred into a 250 ml Duran® 
bottles containing 67 ml of salivary buffer (buffer C)
 
which had been flushed with CO2 (to 
avoid the consumption of initial CO2 produced from fermentation by the buffer). The 
substrate-buffer mixture was placed in the incubator to equilibrate to 39°C (for 1 h) before 
inoculation. Rumen fluid or FF (33 ml) was transferred into Duran® bottles under a stream of 
CO2. For FI incubations fresh RF and FF were used while cultured RF and FF were used for 
CI. After inoculation, the samples were transferred into the incubator and pressure logging 
was done every 20 min for 72 h at 39°C. The negative control was the same mixture as above 
with no substrate but the positive control was lucerne and grass hay (1:1) incubated with 
rumen fluid (to correct for variations observed in repeats if any). Substrate incubation with 
each inoculum type was replicated three times with five pseudo repeats. The pH of all 
incubation systems were monitored before and after every experiment. The terminal pressure 
data was converted to gas volumes (mL) using a predetermined calibration equation 
(Schofield et al., 1994).  In vitro gas values were fitted into the exponential equation: 
 
        GP   =           maxp                                                                       Eqn. 3.1 (Campos et al., 2004) 
                        1 + e
[2 +4C(lt - t)]          
 
        GP  =            A                      +                      B                        Eqn. 3.2 (Soest and Robertson, 1985) 
                    1 + exp [2 +4a1 (lt - t)]        1 + exp [2 +4b1 (lt – t)] 
 
        PF   = TD/maxp                                                                           Eqn.  3.3 
 
        DEF = TD/ (T1/2xV1/2) = 2PF/T1/2                                                Eqn. 3.4   (Ouda and Nsahlai, 2009)  
       µ = maxp*C 
 
where GP is the total gas volume (mL) at time t, maxp is maximum gas production, C is the overall degradable 
rate, A and B are the gas volume (mL) from fast (soluble sugars and starch) and slowly (cellulose and 
hemicellulose) degradable fractions, respectively, a1 and b1 are the degradation rates (h
−1
) for fast and slowly 
degradable digestion fractions, respectively, and lt is the bacteria colonization or lag time (h). PF= partitioning 
factor, TD= truly degradable fraction of feed, DEF = degradability efficiency factor, V1/2 = half GP, µ = gas 
produced at the point of inflection and T1/2 = time taken to produce half maximum gas.   
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3.2.10.2 Monitoring whole faecal inoculum activity over time  
 
The procedure was the same as described for gas production in section 3.2.10.1 with a few 
modifications.  The incubation time was changed to 7 d. After every 7 d, the gas was stopped 
and 33 ml was used to inoculate another system containing fresh feed. This procedure 
continued at 7 d intervals until day 42.  
 
3.2.10.3 In vitro degradability and volatile fatty acids  
 
True degradability was determined according to Tilley and Terry (1963), and modified by 
Cottyn and Boucque (1968), in which the second stage (pepsin digestion) was substituted with 
neutral detergent extraction. After 72 h incubation as described for gas production above 
(section 3.2.10.1), the samples were centrifuged (8000xg, 15 min, 4°C) and the residue dried 
for 72 h in a fan oven at 70°C. The difference in mass between the incubated material and the 
residue equals the apparent degraded fraction (APD) of MS. The residue was refluxed in 
neutral detergent solution and the residue (NDF) dried (fan oven, 70°C for 72h). Truly 
degraded fraction (TD) was calculated by subtracting the mass of NDF from that of the 
incubated material.  The difference between APD and TD was recorded as microbial yield.  
 
The filtrate after incubation was prepared for short chain fatty acid analysis (SCFA) as 
described by Cottyn and Boucque (1968). Five milliliters (5ml) of the filtrate was transferred 
onto 1 ml of 25% metaphosphoric acid solution and allowed to stand in ice for 30 min before 
centrifuging (8000xg, 20 min at 4°C). After centrifugation as described above for 
degradability, the filtrate (2 ml) was filtered through a syringe filter (0.45 µm pore from 
SUPELCO, USA) into a 2 ml clear ABC Screw Top Vial from SUPELCO, USA. The vials 
were then transferred into an automatic sampler (HT280 from Brescia, Italy) linked to a Gas 
Chromatograph (YL6100GC, Young Lin, Korea) for analysis. A temperature-programmed 
cycle from 90 to 120°C rising by 5°C was applied in the column (BPX70x30x0.25x0.25). The 
injector block temperature was maintained at 260°C with nitrogen as the carrier gas 
(60ml/min).  Hydrogen and air flow rate to the detector (flame ionization detector) were 60 
and 300 ml/min respectively.  The injection volume was 1 µl/split 1:80. The theoretical 
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calculations of CO2  and methane (CH4) were estimated as described by Groot et al. (1998) 
based on the stoichiometric balance of the fermentation of glucose to propionic acid (PP), 
acetic acid (Acet), butyric acid (nB), iso-butyric acid (iB),  CO2 and methane (Czerkawski, 
1978; Van Soest, 1994).  
 
       CO2    =  Acet/2 + PP/4 + 3(nB+iB)/2 ------------------------------------equation 3.5 
       CH4    = Acet + 2(nB+iB) – CO2 ------------------------------------------equation 3.6       
 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
3.2.11 Statistical Analysis 
 
In vitro enzyme and digestibility estimates derived from RF and FF inoculum were analysed 
using the general linear model of SAS (2002) based on the statistical model: 
 
Yijk = µ + Ei + Sj + (ES)ij + eij 
Where Y is the individual observation, µ is the overall mean, E is the effect of the inoculum 









3.3.1 Chemical composition of whole maize stover 
 
Chemical analyses of the maize stover showed 5.59% as crude protein content and 87.8% for 















3.3.2 Enzyme assays 
 
Exocellulase specific activity differed (P<0.001) between fresh RF and FF. Fresh RF specific 
activity was higher than that observed in FF (Table 3.2). Cultured RF and FF differed in their 
exocellulase specific activity (P<0.001). Faecal fluid exocellulase specific activity was higher  
 
Table 3.2 The specific activities of exocellulase, endocellulase and hemicellulase of crude protein extracts 











 = µg xylose /mg crude protein, 
2
 = µg glucose/mg crude protein, **P< 0.001 
 
Nutrient Whole Maize stover (g/kg) 
Dry matter 925 
Organic matter 899 
Ash  101 
 Neutral detergent fibre 878 
 Acid detergent fibre 543 
Acid detergent lignin 73 
Cellulose  335 
Hemicellulose 470 
















Fresh    
Rumen Fluid 42.91 41.60 23.52 
Faecal Fluid 6.98 6.13 15.11 
cultured    
Rumen Fluid 8.96 18.65 12.33 
Faecal Fluid 18.83 5.65 23.47 
SED 2.014 3.123 5.381 
P- value ** ** ** 
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than that of RF in cultured systems. Endocellulase specific activity differed (P<0.001) in both 
FI and CI. Endocellulase specific activity of RF was higher than that of FF in both FI and IC.  
Fresh RF and FF differed (P<0.001) in their hemicellulase specific activities. Rumen fluid 
specific activity was higher than that observed in FF (Table 3.2). Cultured RF and FF differed 
(P<0.001) in their hemicellulase specific activity. FF hemicellulase specific activity was 
higher than that of RF in cultured systems.  
3.3.3 In vitro digestibility 
 The fermentation systems (FI and CI) were active and normal as indicated by a small drop in 
pH after incubations for both FI and CI systems.  In the FI systems, the pH drop in RF (7.38-
6.62) was slightly higher than that of FF (pH 7.21-6.97) while pH changes between the 
cultured systems were not significant. The APD of MS did not differ between RF and FF in 
both FI and CI (Table 3.3a). 
 
Table 3.3a In vitro digestibility of Maize stover by in situ and cultured rumen or faecal inoculum 
Digestibility 
parameters 
Fresh  inoculum Cultured inoculum  








APD  (g/kg) 524 519 549 549 20.6 ns 
TDeg (g/kg) 719 663 745 681 6.3 ** 
MY (g/kg) 195 144 196 132 29.2 ** 
GP       
        (ml/g)
24
 100 82 60 57 5.1 ** 
        (ml/g)
72
 150 136 144 116 4.2 ** 
        C (h
-1
) 0.027 0.024 0.024 0.028 0.0010 ns 
        T1/2   ( h) 21.43 26.59 26.31 24.03 0.720 ns 
      µ (ml) 4.15 3.15 3.51 3.29 1.213 ns 
       PF   4.8 4.9 4.2 5.9 0.11 ** 
      DEF  0.46 0.37 0.44 0.50 0.032 ns 
* = P< 0.05, ** = P<0.01, ns = non significant, 
24 or 72
 = Total gas volume (GP) produced after 24 h and 72 h of 
incubation respectively, nm= not measurable, PF= partitioning factor, DEF = degradability efficiency, T1/2= time 
taken to produced half the total gas, µ = gas at the point of inflection, APD=apparent degradability, TD= True 
degradability, C= rate of maize stover fermentation, MY = microbial yield. 
 
 
However, APD was slightly higher in RF than FF of FI, whereas there was no difference 
between the cultured inocula. True degradability was slightly higher (P<0.001)  in RF than FF 
 69 
in both FI and CI systems. Microbial yield was significantly different (P<0.001) in both FI and 
CI systems. The highest microbial yield was observed in RF cultured medium. The total gas 
production (GP) from MS differed (P<0.001) between RF and FF for both FI and CI systems 
(Table 3.3a). Total gas production from MS was higher in RF than FF for both FI and CI 
incubations.  For the 24 h gas measurement, there was no significant difference between RF 
and FF in the CI systems.  There was no difference in the degradation rate of MS between RF 
and FF for both FI and CI systems. The time taken to produce half GP (T1/2) and the gas 
produced at the point (hour) of inflection (U) were also not different between RF and FF for 
both incubation systems.  The partitioning factor (PF) differed (P<0.01) between RF and FF. 
Partitioning factor was highest in cultured FF followed by fresh FF.  The lowest PF was 
observed in cultured RF. Degradability efficiency factor did not differ between RF and FF for 
both FI and CI systems.   
 
Total SCFA was different (P<0.01) between RF and FF.  Total SCFA was highest in FI for 
RF, followed by FF in CI then RF in CI and lastly FF in FI (Table 3.3b). The Molar 
proportions of acetic acid (Acet), propionic acid (PP) and n-butyric (nB) acid were different 
(P<0.01) between RF and FF. Generally, Acet had the highest molar proportions followed by 
PP and nB in both FI and CI systems.  The highest molar proportion of Acet was observed in  
 
Table 3.3b Short chain fatty acid and gas production calculated from VFA 
Digestibility 
parameters 
Fresh  inoculum Cultured inoculum 








 SCFA       
Total  (µM) 982 541 570 612 47.7 ** 
Molar  proportion       
    Acetic acid 0.732 0.605 0.625 0.609 0.0321 ** 
    Propionic acid 0.204 0.337 0.329 0.37 0.0143 ** 
    n-Butyric acid 0.054 0.056 0.044 0.021 0.0051 ** 
    iso-butyric acid 0.001 nm nm nm 0.0020 ** 
    Iso-valeric acid 0.003 0.003 0.001 ns 0.0001 ns 
Carbon dioxide 0.497 0.470 0.461 0.428 0.0071 ** 
Methane 0.342 0.245 0.252 0.222 0.0101 ** 
 ** = P<0.01, ns = non significant, SCFA = short chain fatty acids 
 
 70 
RF of FI. Propionic acid was highest in FF of CI.  Methane and CO2 productions were higher 
(P<0.01) in FI than CI systems.  The highest methane and CO2 production were observed in 
Fresh RF and the lowest in cultured FF. 
3.3.4 Gas production kinetics 
 
Gas volumes produced from rapidly degradable fraction (A) of MS differed (P<0.01) between 
RF and FF for both FI and CI systems while no differences were observed from the gas 
produced from slowly degradable fraction (B) (Table3.4). The gas produced from B was 
generally higher than that of A in all incubations. The fermentation rates of A (a1) were similar 
between RF and FF for both FI and CI systems.  The rate of fermentation of B (b1) differed 
(P<0.01) between RF and FF for both FI and CI systems.   The fastest b1 was observed in 
 
Table 3.4 Gas parameters of maize stover when incubated with fresh or cultured inocula 
 
 
**=P<0.01, ***=P<0.001,  ns= non significant, a and b are the gas volumes (mL) from fast (soluble sugars and 
starch) and slowly (cellulose and hemicellulose) degradable fractions, respectively, a1 and b1 are the degradation 
rates (h
−1
) for fast and slowly degradable fractions, respectively, and lt is the bacteria colonization or lag time (h). 
 
fresh RF followed by cultured FF and thirdly fresh FF and cultured RF. The lag time (lt) was 
generally longer (P<0.01) for CI than FI systems. The longest lt was observed in FF for FI and 
the shortest in RF for FI systems. 
 
Inoculum A (ml) a1 (h
-1
) B (ml) b1 (h
-1
) lt (h) 
Fresh       
Rumen Fluid 55.6 0.107 94.7 0.028 2.3 
Faecal Fluid 45.8 0.095 91.1 0.023 4.6 
Cultured       
Rumen Fluid 41.6 0.076 99.4 0.023 4.0 
Faecal Fluid 31.1 0.085 85.1 0.027 4.3 
SED 0.00 0.0001 3.41 0.0001 0.00 
P-value ** ns ns ** *** 
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3.3.5 Faecal fluid activity over time 
 
Total gas production decreased (P<0.001) with time (Table 3.5). The highest GP was observed 
after 7 d (191ml) and the least after 21 d. Interestingly, GP at 42 d was higher that that of day 
35. The second highest value was recorded on day 14. The overall rate of gas production (C) 
from MS was highest on day 21 and lowest on day 7. The results showed that the overall rate 
of MS fermentation increase with time.  Apart from day 21, a1 and b1 were not different for 
the different incubation days. The results also showed that lt decreases (P<0.001) with time.  
The gas produced at the point of inflection (µ) also increased with time. Both A and B from 
MS fermentation generally decreased over time (P<0.001). 
 
Table 3.5 Gas production from maize stover over a period using faecal inoculum from cow 
***=P<0.001, GP= total gas produced over time, ns= non significant, a and b are the gas volumes (mL) from fast 
(soluble sugars and starch) and slowly (cellulose and hemicellulose) degradable fractions, respectively, C= 
overall rate of maize stover breakdown, a1 and b1 are the degradation rates (h
−1
) for fast and slowly degradable 
fractions, respectively, T1/2= time taken to produced half the total gas, µ = gas at the point of inflection  and lt is 




Many studies have shown that FF is a possible substitute for RF but insist on more research to 
improve on its value (Dixon et al., 1982; Holden, 1999; Mabjeesh et al., 2000; Omed et al., 
2000; Mauricio et al., 2001; Mould et al., 2005; Tufarelli et al., 2010). The percentage 
difference of digestibility parameters obtained when fresh RF was used as an inoculum 
Days GP C A a1 B b1 lt T1/2 µ 
7 191.0 0.020 81.0 0.059 110.0 0.013 10.0 45.0 2.7 
14 169.8 0.015 72.5 0.070 97.3 0.013 9.8 43.6 2.5 
21 108.2 0.045 25.3 0.124 82.8 0.028 5.4 16.5 4.8 
28 122.3 0.025 74.3 0.055 48.0 0.016 7.8 28.2 3.0 
35 109.1 0.024 65.0 0.061 44.1 0.016 7.0 28.2 2.5 
42 130.0 0.026 77.3 0.063 52.6 0.018 8.5 27.7 3.3 
SED 19.80 0.0103 13.71 0.0102 6.34 0.0111 1.21 7.123 0.60 
P-value *** ns *** ns *** ns *** *** ns 
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compared to fresh FF is still a limiting factor.  The time spent on collecting RF or FF for daily 
incubations is not cost effective.  That is why one of the objectives of this study was to 
preserve whole rumen or faecal inoculum in the laboratory for extended periods using a very 
simple laboratory technique. The second objective was to investigate the possibilities of 
substituting fresh RF with fresh or cultured FF for in vitro evaluation of forages. 
 
Activities of exocellulase, endocellulase and hemicellulase were higher in FI for RF than FF.  
This was probably due to the fact that rumen fluid has a higher microbial population in the 
liquid phase than in the strained faecal inoculum (Mauricio et al., 2001). Although the quantity 
of crude protein extracted from FF was higher than that of RF, cellulolytic activity remained 
lower in FI incubations. The higher crude protein in FF was associated with endogenous 
protein contamination. After culturing FF for 72 h, its cellulolytic (exocellulase and 
endocellulase) activity was relatively higher than that of cultured RF. This implies that 
culturing FF with MS increases the initial microbial population, decreases the amount of 
endogenous contaminants, selects mostly microbes that can survive on MS and allowed for the 
expression of more active fibrolytic enzymes relative to the type of substrate available.  A 
shorter retention time in the hindgut of cows has always been associated with lower 
fermentation (Hidayat et al., 1993). However, the rate at which fermentation occurs in the 
hindgut is unresolved although a comparative study on bovine rumen fluid and faeces by 
Mauricio et al. (2001) showed higher rates of gas production in RF than FF. If the retention 
time is very short in the hindgut of ruminants, the microbes that inhabit this chamber must be 
able to harness energy from the fast moving fibrous feed as fast as possible in order to survive. 
Therefore, it is possible that hindgut cellulolytic microbes have a higher fibrolytic potential 
but limited by their numbers as demonstrated by our results when FI was compared with CI 
systems. Laboratory cultured FF can be a better substitute to fresh RF compared to fresh FF as 
demonstrated by its exocellulase activity. The difference in exocellulase specific activity 
between fresh RF and cultured FF (0.4%) was smaller compared to the difference between 
fresh RF and fresh FF (33%). 
 
Apparent degradability did not differ between RF and FF incubations while TD differed. True 
degradability correlation between RF and FF was relatively high (r
2
 = 0.71) for FI incubations. 
Culturing both inoculum increased TD for both RF and FF by 2.6% and 1.6%, respectively. 
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This increment in TD was associated to high fibrolytic microbial population influenced by the 
culturing conditions (high fibre and lucerne providing proteins to boost microbial growth) 
(Hobson, 1971; Kern et al., 1974; Mauricio et al., 2001).  Interestingly, culturing slightly 
decreased the disparity observed between RF and FF in FI and CI from 4.5 to 4.0%.  However, 
this was contrary to the results obtained by Akhter et al. (1995) who reported a 40% deviation 
of TD between RF and FF.  The difference in TD between fresh RF and cultured FF (7%) is 
much smaller when compared to the difference between fresh RF and fresh FF (14%), 
suggesting that, laboratory culturing of FF may reduce the error margin when using FF as a 
substitute for fresh RF than fresh FF. 
 
Total gas production was generally higher in RF than FF in both FI (Kern et al., 1974) and CI 
incubations. Although less microbial diversity and absence of protozoa in FF has been 
associated with low and slower rate of gas production (Hidayat et al., 1993), it is likely that 
low fibrolytic microbial population initially also plays a major role (Nsahlai and Umunna, 
1996; Cone et al., 2002). The GP produced from MS fermentation by RF or FF was higher in 
the FI systems than CI systems unlike TD which increased in CI systems. The decrease in GP 
and an increase in TD imply conversion of energy lost in the form of gas into other metabolic 
substrates such as PP, nB or Acet as shown by the results. The difference in GP produced 
between RF and FF in the FI incubations after 24 and 74 h were 10.4 and 3.7%, respectively. 
This implies that fermentation was much slower in the FF system initially but gradually 
increases as the population of microbes increases with time (Váradyová et al., 2005).  These 
results were similar to those obtained from studies comparing rumen and faecal inoculum in 
sheep (Grings et al., 2005; Kiran and Krishnamoorthy, 2007).  For the CI systems, the 
difference in GP production between RF and FF at 24 h was much smaller (2.5%) than 
observed in the FI systems (10.4%). This was linked to an increase in fibrolytic microbial 
population after culturing, hence increasing the rate of fermentation. The results were similar 
to that obtained by Rymer and Givens (2000) where FF was pre-incubated overnight before 
incubation to enrich initial microbial number. They concluded that GP production profile 
parameters produced by RF can be extrapolated from FF gas production profile. Therefore, the 
lower fermentation in the hindgut may be associated to low microbial populations, poorer feed 
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quality, shorter retention time and the absence of protozoa (Blümmel and Lebzien, 2001; 
Kiran and Krishnamoorthy, 2007) rather than the fibrolytic efficiency of the microbes present. 
 
Although the overall rate of fermentation of MS was not statistically different between RF and 
FF for both FI and CI system, a small increase in C for FF in CI was noticeable. This implies 
that the C was enhanced by laboratory culturing. C from FF in CI was 5% higher than that of 
RF in FI giving more evidence of substituting RF with cultured FF than fresh FF (C for  FF 
was 12% less than that of RF in FI). The gas produced at the point of inflection (U) showed no 
differences upon analysis. This suggested their similarities in microbial activity after 
establishment.  Therefore, culturing may improve microbial population as well as eliminates 
dietary differences often observed between the rumen and hindgut.  Partitioning factor and 
DEF were highest for FF in CI systems compared to all the other inocula (RF in CI or RF and 
FF in FI).  This is an indication of a higher efficiency of microbial protein synthesis as 
demonstrated by other researchers (Jackson et al., 2010; Krishnamoorthy and Robinson, 
2010). High PF and DEF showed that FF can generate data that are good enough in 
formulating ruminant feeds (Váradyová et al., 2005). The high PF for FF in CI shows that 
culturing improves the fibrolytic competence of cultured inoculum, by concentrating microbes 
that can digest MS hence increasing fibrolytic microbial population as well as the overall 
fermentation rate. High PF has also been associated with high feed intake although other 
studies (Mauricio et al., 2001) have shown that it is not a good parameter to be used solely in 
feed formulation. The total SCFA difference between fresh RF and cultured FF (37%) is much 
smaller when compared to the deference observed between fresh RF and fresh FF (48%). This 
suggests that culturing FF improves MS fermentation. The highest molar proportion of 
propionic acid was observed in CI systems for FF. This was due to its low GP (CO2 and 
methane) and high TD.  This implies that acetate: propionate was higher than in all other 
systems. 
 
There were no differences in the gas produced from A or B between RF and FF in the FI 
incubations. Therefore, using gas parameters from FF to estimate digestibility is plausible. 
Váradyová et al. (2005) were not able to establish strong relationship between RF and FF gas 
parameters as shown in this study. However, the rate at which A or B was fermented was 
higher for RF than FF in FI incubations. These results were similar to those carried on sheep 
 75 
by Mauricio et al. (2001). Culturing the inocula saw the production of higher gas from B by 
RF than FF which surprisingly had a higher fermentation rate. This implies that MS was 
converted to other metabolic substrates apart from gas. This is an indication that culturing 
faecal microbes under suitable anaerobic conditions before application as an inoculum helps to 
improve on initial microbial population, microbial specificity and fermentation rate. It is 
positive to think that microbes in the hindgut can be very effective in fermenting high 
roughage feeds at a higher rate but are limited by their initial microbial numbers during in 
vitro incubation.  This is because passage rate at the hindgut might be relatively high; 
therefore microbes have a very limited time to extract nutrients so as to survive in that 
ecosystem.  The lt for FF was longer than that of RF in both FI and CI incubations. However, 
lt for RF was highly correlated (r
2
 = 0.8) to that of FF in cultured incubations. This implies 
that culturing decreases microbial colonization time. 
 
Monitoring FF microbial activities in the laboratory over a period showed that FF inoculum 
was active for 42 d as demonstrated by GP measurements. Generally, GP decreases over time. 
Total gas production was highest after week 1 but decreased by 11%, 43%, 36%, 43% and 
31% for week 2, 3, 4 and 5 respectively. Decreased GP has been associated to low a microbial 
activity which implies that FF fermentation potential decreases over time. However, this is not 
conclusive as TD increases with decreased GP as seen in CI systems after 72 h. This suggests 
that the microbial systems may still be efficient in hydrolyzing carbohydrates into metabolites 
(SCFA) other than gases. The gas parameters, C, a1, b1 and lt were not significantly different 
between the different weeks. Therefore, laboratory culturing of rumen microbes under suitable 




Faecal inoculum is a potential substitute of rumen inoculum for in vitro feed evaluation as 
demonstrated by the small differences observed in their true digestibility and gas production. 
Faecal inoculum is a better substitute when cultured before application as demonstrated by the 
smaller differences observed in their degradability parameters.  Culturing whole rumen fluid 
or faecal fluid was successful for three days with an increase in fermentation rate and less than 
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5% loss in activity. Monitoring inoculum activities over time shows that whole FF was active 
for six weeks with week 1 being the best inoculum source for feed evaluation. However, the 
lag time still remains a major problem to resolve as it did increase slightly with culturing. The 
drop in GP and an increased in TD observed in cultured ecosystems demands for more 
































This study evaluated the fibrolytic competence of microbial ecosystems in faeces collected fresh from 
three hindgut fermenters (miniature horse (mH), horse (H) and Zebra (ZB)) in summer and winter 
grazing in their natural environment. The fresh faecal inocula were cultured in the laboratory on maize 
stover (MS) and lucerne (1:1) with salivary buffer for 72 h at 38°C before being used as inocula or for 
crude protein extraction. Fresh faecal sample collection was replicated thrice with five pseudo repeats 
for each herbivore. Crude proteins were precipitated from cultured faecal inocula by 60% ammonium 
sulphate and analysed for exocellulase, endocellulase and hemicellulase specific activities (µg reducing 
sugar/mg crude protein). In vitro fermentation was done by transferring 33 ml of laboratory cultured 
faecal inoculum into 67 ml of salivary buffer containing 1g maize stover (MS) and incubating for 72 h 
at 38°C. After incubation, MS degradability and fermentation characteristics were determined. 
Endocellulase and hemicellulase activities differed (P<0.001) among animal types and between 
seasons. The H was the most active endocellulytic system in both seasons with the highest activity 
observed in winter. Hemicellulase activity was most active in the ZB system in both seasons. 
Exocellulase activity differed (P<0.001) among animal types and between seasons. The most active 
exocellulase system was that of the ZB in both season followed by H and then mH. The maximum gas 
produced (GPmax) were similar among system and between seasons. True degradability, partitioning 
factor and microbial yield were highest in summer for ZB (841 g/kg, 9.10, 341 g/kg respectively) 
compared to H (787 g/kg, 7.80, 280 g/kg respectively) and mH (816 g/kg, 7.53, 276 g/kg respectively). 
Total VFA was highest (P<0.05) in winter for ZB but lowest in summer when compared to H and mH. 
Methane and CO2 were not significantly different among animal types but was shown to be relatively 
lower especially in summer for ZB than in H and mH. Although these herbivores are all hindgut 
fermenters they harbour microbes of varied fibrolytic competence with the ZB being the most active, 
followed by H and lastly mH. This implies that ZB be harbouring microbes that have evolved through 
millions of years of selection to become more competent in fibre breakdown. Application of microbes 
or enzymes from ZB as feed additives to domesticated ruminants can be very important in improving 





In tropical countries, grazing pastures of higher quality are more readily available in summer 
(rainy season) than in winter (dry season) (McNaughton, 1985). In winter, animals suffer 
severe nutritional stresses due to the poor nutritional value of pastures (Leng, 1990; 
Hindrichsen et al., 2004) and shortages in supply (Elliott and Folkersten, 1961). During this 
period of nutritional shortage, animals waste a lot of energy as they have to walk long 
distances in search of high quality forages and water. As a result of these adverse conditions 
and nutritional deficiency, animals lose weight (Poppi and McLennan, 1995), body condition; 
their milk yield and conception rates are low; and increased calf mortalities are also 
prominent.  
 
Beside quality concerns, winter is also a period when feed is scarce yet fibrous crop residues 
(e.g. maize stover) and agricultural by products are abundant (Ben Salem and Smith, 2008). 
The question one could possibly ask, is, how can there be forage shortages with plentiful 
availability of crop residues? Many farmers are still ignorant of the potential of crop residues 
hence they are being underused in many localities. However, in regions where crop residues 
are being exploited, livestock producers are still faced with the daunting task of lower 
digestibility (Ben Salem and Smith, 2008). The high fibre content of crop residues limits the 
amount of energy harvested by herbivores per kilogram. The difficulties associated with crop 
residues breakdown tend to reduce the quantity of available feed during the dry periods. 
 
Different approaches for improving this high fibre forage digestion have been proposed and 
tested, including components of cellulase enzyme systems (Gerrit et al., 1984; Owolabi et al., 
1988; Xiao et al., 2000), unfractionated cellulase systems (Ali and Tirta, 2001), pure cultures 
of cellulolytic micro-organisms (Seyis and Aksoz, 2005) and mixed cultures of cellulolytic 
micro-organisms. Supplementing diets with fibre-degrading enzymes improved milk 
production in dairy cows and feed efficiency in growing cattle (Beauchemin et al., 1995; 
Beauchemin et al., 2003a). The utilization of these enzymes as feed additives is yet to be 
elucidated as only a minimal increase in fibre hydrolysis has been reported (Beauchemin et al., 
2003a). In addition, enzymes are expensive and difficult to manage since they are susceptible 
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to lyses by ruminal proteases. Strategies to enhance the herbivores ability to utilize crop 
residues will contribute to improve livestock production especially in winter. One strategy is 
to fish for microbial ecosystems with a higher potential of improving the digestion of high 
fibre forages. This study evaluated the fibrolytic competence of microbial ecosystems in 
faeces collected from three hind gut fermenters (miniature horse (mH), horse (H) and Zebra 
(ZB)) grazing in their natural environment in summer and winter. The hypothesis was that 
fibrolytic activity is similar among the three hind gut fermenters in winter and summer. 
 




The substrates were carboxylmethyl cellulose sodium salt (CMC) from FLUKA Bichemica 
(Germany), crystalline cellulose (powder) from ALDRICH® (Germany) and xylan from 
beech wood (high grade) from SIGMA (USA). Phenylmethylsulfonyl fluoride (PMSF), D-(+)-
xylose and D-(+)-glucose were chemicals from Sigma (USA). Polyethylene glycol 20 000 
(PEG 20 000) from MERCK Laboratory supplies, South Africa and 3,5-Dinitrosalicylic acid 
from FLUKA (Switzerland).  All the other common chemicals such as glacial acetic acid, 
sodium azide and ethylene diamine tetra acetic acid (EDTA) were bought locally from Capital 
Supplies, South Africa. Dialysis tubing cellulose membrane (10 000 molecular weight cut-off) 
was from Sigma-Aldrich. All spectral scans were carried out with Virian Scan 50® Bio UV-
Visible spectrophotometer from Varian Australia Pty (Ltd). 
 
4.2.2 Chemical composition of maize stover 
 
The chemical composition of MS was analysed as previously described in chapter 3 (section 
3.2.1).  
 
4.2.3 Experimental animals and nutrition 
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Samples were collected from animals with no preference to sex in December (summer) and in 
May (winter). Equus caballus (horse) and miniature horse were from the Ukilinga Research 
farm, University of KwaZulu-Natal, Pietermaritzburg. Equus quagga boehmi (zebra) was 
made available by the Tala Game Reserve, uMbumbulu, KwaZulu-Natal (SA). The zebra was 
grazing on a dry land in an open field where Pennisetum clandestinum (Kikuyu grass) 
standing hay and other fibres were dominant. At the Ukulinga research farm, horse and 
miniature horse were also grazing in fields with Kikuyu grass, standing hay and other fibrous 
forages.  
 
4.2.4 Inoculum collection and preparation for sampling 
 
For enzyme assays, a modified procedure previously described by Smith et al. (1974) was 
employed for faecal fluid collection from the three study species ( miniature horse (mH), horse 
(H) and Zebra (ZB)). Faecal fluid collection and sample preparations were carried out as 
previously described in Chapter 3 (section 3.2.3). 
4.2.5 Faecal fluid culturing 
 
Faecal fluid from mH, H and ZB were cultured in the laboratory for 72 h on MS and lucerne 
(1:1) in salivary buffer (anaerobic) before application as inocula for in vitro feed evaluation. 
This was done as previously described in chapter 3 (Section 3.2.4). The activity of microbial 
ecosystems was determined by monitoring pH changes. 
 
4.2.6 Crude protein extraction 
 
Cultured inocula from mH, H and ZB were used to extract and evaluate crude proteins for 
exocellulase, endocellulase and hemicellulase specific activity. Crude protein (CPZ) samples 
for enzyme assays were extracted from cultured inocula and precipitated using 60% 
ammonium sulphate as described in Chapter 3 (section 3.2.4). Crude protein samples were 
dialyzed overnight (as described in section 3.2.6) and concentrated before determining the 
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protein concentration of each sample (see section 3.2.7). Crude protein extraction was 
replicated thrice with five pseudo repeats. 
 
4.2.7 Enzyme assays  
 
Exocellulase, endocellulase and hemicellulase specific activities were determined by 
incubating with crystalline cellulose, carboxymethyl cellulose and xylan, respectively, as 
described in Chapter 3 (section 3.2.8). Reducing sugars liberated from the different enzyme 
assays were measured as previously described by Miller (1959) (section 3.2.9). Each 
ecosystem was represented by three replicates each of which was analysed in triplicates. 
Enzyme specific active was defined as the amount of reducing sugar per mg of CPZ (µg 
reducing sugar/mg). 
 
4.2.8 In vitro digestibility 
 
4.2.8.1 In vitro gas production 
 
The automated gas production method based computerized pressure transducer system 
described by Pell and Schofield (1993) was used as previously described in chapter 3 (section 
3.2.10.1). Inocula were from cultured microbial ecosystems of mH, H and ZB. Substrate 
incubation with each inoculum type was replicated three times with five pseudo repeats. The 
maximum gas production (GPmax) and the rate (C) of gas production were measured by 
fitting the raw data to the model described by Campos et al. (2004) and Schofield et al. (1994).  
 
4.2.8.2 In vitro degradability and VFA determination 
 
In vitro degradability was determined as previously described in section 3.2.10.2 but for the 
inocula which were from cultured mH, H and ZB.  Apparent (APD), true degradability (TD), 
microbial yield (MY), total SCFA, CO2 and CH4 were the parameters measured in this 
experiment. The partitioning factor (PF=mg of substrate digestibility divided by the volume of 
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gas) and degradability efficiency (DEF=the rapidity at which feed is degraded to make 
nutrients available and the extent to which the degraded material is fermented) were calculated 
from the fermentation parameters. Substrate incubation with each inoculum type was 
replicated three times with five pseudo repeats. 
 
4.2.9 Statistical analysis 
 
SAS software was used to perform statistical analysis (SAS, 2002). Samples were analysed to 
determine the effects of season and microbial ecosystem using the general linear model 
(GLM) procedure. Means were compared by least significant difference. 
 
Yijk = µ + Ei + Sj + (ES)ij + eijk 
Where Y is the observation, µ is the overall mean, E is the effect of the inoculum source, S is 





4.3.1 pH of microbial ecosystems 
 
The pH of the initial microbial incubation systems was higher (P<0.001) than values observed 
after incubation. The mH had the highest drop in pH while the ZB showed the least drop in pH 




Figure 4.1  Variation in in vitro pH in three hindgut microbial ecosystem before and after incubation.  mH 
= miniature horse inoculum with MS, mHO = miniature horse inoculum without MS, HO = horse inoculum 
without MS, H = horse inoculum with MS, ZBO = zebra inoculum without MS, ZB = Zebra inoculum with MS. 
 
4.3.2 Enzyme assays 
Endocellulase specific activity differed (P<0.001) among animal types and between season. 
The horse was the most active endocellulase system in both seasons with the highest specific 
activity observed in winter (Table 4.1). Endocellulase specific activity was higher in mH than 
 
Table 4.1 Effect of source of inoculum, animal type and season on enzyme activities from three hindgut 
fermenters 
Enzyme  
specific activity  
 
Animal type Season P-value SED 




mH 82.6 172.9 
0.001 0.001 2.67 H 99.5 215.2 




mH 384.1 121.3 
0.001 0.001 6.06 H 411.5 119.9 




mH 37.1 74.3 
0.002 0.001 3.08 H 43.7 87.5 
ZB 56.7 113.4 











mHO mH HO H ZBO ZB 
Hindgut fermenters 
pH 
Before incubation After incubabtion 
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ZB in winter but lower in summer.  Hemicellulase activity also varied (P<0.001) among 
animal types and between seasons. The ZB was the most active hemicellulolytic system in 
both seasons (Table 4.1). In summer hemicellulase activity was higher in H than mH but 
showed no difference in winter. The most active (P<0.001) exocellulase system was that of 
the ZB (Table 4.1) in both seasons while mH was the least active among the three enzyme 
systems. 
 
4.3.3 In vitro degradability 
 
Apparent degradability differed (P<0.01) among animal types but not between seasons. True 
digestibility differed (P<0.0001) between seasons and among the animal types. True 
degradability was generally higher in summer than winter (Table 4.2). True degradability was 
highest in the ZB (841.30 g/kg) microbial system in summer while that of mH (816.60 g/kg) 
was relatively high compared to H (787.20 g/kg) in the same season. True degradability was 
also highest for ZB in winter than in mH and H. The maximum gas production (GPmax) was 
statistically not different among animal types but differed (P<0.004) between seasons. 
However, the results show that GPmax from mH and H were relatively higher than that of ZB 
in both seasons. Generally, the rate (C) of MS fermentation increased (P<0.01) from summer 
to winter. There were no differences in C among animal types within a season. The rate of 
fermentation tended to be higher in H and ZB compared to H in both seasons. The time taken 
to produce half GPmax (T1/2) was not different among animal types within and between 
seasons. The time taken to produce half GPmax was relatively shorter for H in both seasons 
compared to mH and ZB. There was no difference in the gas produced at the point of 
inflection (U) among animal types within a season but differed between seasons. 
 
The partitioning factor (PF) and degradability efficiency (DEF) differed among animal types 
(P<0.01 and P<0.001 respectively) and between season (P<0.001 and P<0.01 respectively).  
Partitioning factor and DEF were highest for ZB followed in order by H and mH in both 
seasons. Microbial yield (MY) was generally higher in summer than in winter (Table 4.2). 
Microbial yield varied (P<0.05) among animal species and between season. Microbial yield 
was highest for ZB in both seasons compared to H and mH. Total SCFA varied (P<0.05)  
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mH=miniature horse, ZB=zebra, H=horse, PF=partitioning factor, DEF=degradability efficiency, U=gas at point 
of inflection, T1/2= time taken to produce half total gas  , C=rate of MS breakdown 
 
between season and among experimental animals within seasons. Generally, total SCFA 
increased from summer to winter. Total SCFA was highest in ZB when compared to H and 
mH in winter. Seasonal differences were significant (P<0.001) for molar proportions of SCFA 
but not significant among animal types within a season. Acetic acid was the highest SCFA 
produced in both seasons followed by propionic acid and lastly N-butyric acid. Propionic acid 
molar ratios were slightly higher ZB in winter. Methane and CO2 gases differed between 
seasons but not significantly different among animal types within seasons.   
DM Digestibility 
 
Animal type Season P-value  





mH 540 370 
0.003 NS 10.8 H 507 353 





mH 817 603 
0.005 0.005 122.1 H 787 588 




mH 276 233 
0.001 0.001 106.2 H 281 235 




mH 108.5 103.1 
NS 0.004 2.97 H 101.1 95.9 
ZB 92.5 90.6 
C (h
-1
) mH 0.027 0.034 
NS 0.01 0.0101  H 0.030 0.042 
 ZB 0.028 0.037 
T1/2(h) mH 21.0 22.6 
NS NS 0.412  H 19.31 17.9 
 ZB 23.57 21.7 
U (ml/h) mH 3.05 3.4 
NS 0.02 0.521  H 3.06 3.9 
 ZB 2.31 3.3 
PF mH 7.53 5.9 
0.007 0.001 1.09  H 7.80 6.2 
 ZB 9.10 6.8 
DEF mH 0.13 0.11 
0.001 0.01 0.022  H 0.15 0.13 





Table 4.3 Effect of source of inoculum, animal type and season on short chain fatty acids and gas 










4.3.4 Gas production kinetics 
 
No seasonal differences were observed from A and B whereas animal type differences 
(P<0.05) were observed. A was highest in H compared to mH and ZB in both seasons (Table 
4.4). The least amount of B was observed in H and the highest in mH for both seasons. There 
were no differences in the fermentation rate of A (a1) and B (b1) between seasons and among 
animal types.  The lag time (lt) was not different among animal types but differed (P<0.001) 
between seasons. The lag time increases from summer to winter.  The rate at which all three 





Short chain fatty 
acids 
Animal type Season P-value 
 summer winter Species Season SED 
Total SCFA (mM) 
 
mH 34.1 69.2 
0.0001 0.0001 13.27 H 51.7 65.0 




mH 0.53 0.58 
NS 0.003 0.027 H 0.58 0.53 
ZB 0.50 0.60 
Propionic acid 
(molar proportion) 
mH 0.41 0.37 
NS 0.0001 0.041 H 0.38 0.40 




mH 0.05 0.05 
NS 0.0001 0.0015 H 0.04 0.07 




mH 0.45 0.46 
NS 0.0001 0.022 H 0.45 0.47 




mH 0.19 0.22 
NS 0.0001 0.031 H 0.22 0.20 
ZB 0.15 0.25 
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Table 4.4 Effect of source of inoculum, animal type and season on mean gas production kinetics of maize 
stover fermented by faecal fluid from three hindgut fermenters 
A and B are the gas volumes (mL) from fast (soluble sugars and starch) and slowly (cellulose and hemicellulose) 
degradable fractions, respectively, a1 and b1 are the fractional degradation rates (h
−1
) for A and B, respectively, 




All the in vitro incubation systems were active as demonstrated by the small drop in pH. A 
drop in pH is an indication of the accumulation of fermentation products such as SCFA 
(Russell and Wilson, 1996; Tripathi et al., 2004) and other acidic metabolites, which 
contributes in decreasing the pH.  The drop in pH for ZB was slightly smaller than that of mH 
and H which suggest that it might be harbouring microbes with a higher buffering capacity.  
 
Exocellulolytic enzyme specific activities demonstrated that the ZB had the highest ability to 
digest high roughage diets when compared to that of mH and H in winter and summer. 
Enzyme activities have been found to be influenced by the type of microbes, evolutionary 
stage of microbes, forage type, geographical location and climate (Gonçalves and Borba, 
1996). The high exocellulase activity of ZB was most likely due to microbes that have evolved 
to digest fibres more efficiently rather than the forage type since they were grazing on similar 





Season P-value  
  summer winter Animal Season SED 
A (ml/g) mH 43.0 38.1 
0.01 NS 1.77  H 49.2 51.8 
 ZB 31.8 41.7 
a1 (h
-1
) mH 0.131 0.168 
NS NS 0.0060  H 0.098 0.097 
 ZB 0.150 0.145 
B (ml/g) mH 65.5 64.9 
0.05 NS 3.99  H 52.1 44.0 
 ZB 60.7 52.1 
b1 (h
-1
) mH 0.027 0.028 
NS NS 0.0021  H 0.025 0.029 
 ZB 0.024 0.036 
lt  (h) mH 1.8 5.9 
NS 0.001 2.11  H 1.9 5.3 
 ZB 3.1 4.5 
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main substrates for 72 h before applying the inoculum so as to minimize the effect of feed 
type. This was more evident when exocellulase activity of H was observed to be higher than 
that of mH grazing on the same field. A similar study showed that buffalo and cattle raised 
under similar condition exhibited a diverse rumen ecology (Wanapat, 2001).  
 
Hemicellulase activity was slightly higher in ZB than in mH and H for both seasons. 
Generally, hemicellulase activity was higher in summer than winter. This was probably 
influenced by the relative abundance of hemicellulose in summer than in winter (Varga and 
Kolver, 1997; Stock, 1999) which might have increased the population of  substrate specific 
microbes.  In winter most grazing pastures are mature and their cellulose content increases 
(Kruse et al., 2008) compared to hemicellulose. The H ability to hydrolyse CMC more than 
ZB and mH in both seasons was probably due to the presence of microbes that might have 
evolved in their ability to hydrolyse amorphous cellulose due to high solubles especially in 
summer. Furthermore, hydrolyzing crystalline cellulose even in winter requires the use of 
endocellulase since fibre hydrolysis is a stepwise process (Woodward, 1991; Bayer et al., 
1994; Reverbel-Leroy et al., 1997; Bayer et al., 1998a; Shoham et al., 1999; Ye et al., 2001; 
Lynd et al., 2002; Murashima et al., 2002) that requires the use of exocellulase, endocellulase 
and cellobiase. Therefore, high endocellulase activities are definitely required in both seasons. 
The results from enzyme assays show that, ZB is the most active system followed in order by 
the H and mH in fibre hydrolysis.  
 
Microbial responses to artificial substrates (crystalline cellulose, CMC and xylan) incubations 
are sometimes slightly different from that of natural substrates (Deacon, 1997). This is why in 
vitro dry matter degradability was also carried out with natural substrates (MS) so as to mimic 
the in vivo natural systems and digestibility parameters measured. Apparent degradability was 
higher for mH and H than ZB in summer but did not differ among animals in winter. This 
difference is probable due to the accumulation of microbial matter relatively to the abundance 
of the availability nutrients in summer. True degradability was highest for ZB in summer but 
was equal to that of the mH in winter. The high TD observed in ZB was expected as 
previously demonstrated by its exocellulase activity. This provided more evidence that it 
might be harbouring microbes that have evolved with superior fibrolytic activity.  Although 
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the type of feed on which the animal were grazing on can influence microbial activity (Cone et 
al., 1999; Stock, 1999), its effect among the animal types in this study was considered minimal 
but for microbial evolution since all inocula were cultured in the laboratory for 72 h using the 
same feed prior to application. True degradability was generally higher in summer than in 
winter as opposed to exocellulase activity which was higher in winter than summer. Summers 
are characterized by the availability of nutrients in low fibre diets that promote the rapid 
growth of microbes (Leng, 1990). Therefore, the high TD in summer might not have been 
affected only by the type of substrate but also by the availability of microbial nutrient (Leng, 
1990), initial microbial population mixture with varied microbial fibrolytic potential and their 
evolution over time. Since fibre hydrolysis is a steps wise process, yielding soluble short chain 
polysaccharides, opportunistic microbes which are abundant and are not able to hydrolyse 
crystalline cellulose will feed on these products hence increasing TD in summer.  
 
Interestingly, the GPmax produced by ZB (with the highest TD and exocellulase specific 
activity) was the lowest in both seasons when compared to that of mH and H. If low gas is an 
indicator of low digestibility, therefore this result contradicts the results obtained from TD and 
exocellulase activity which demands for an explanation. This is probably due to the fact that 
the ZB microbial ecosystem may be harbouring different microbial species (Gonçalves and 
Borba, 1996), with the ability to conserve energy by fermenting MS into energy rich 
substrates such as SCFA (e.g. propionic acid) and microbial matter than gases (CO2 and CH4) 
(Beauchemin et al., 2008). Consequently, the ZB system had low SCFA but more microbial 
matter in summer, and more SCFA and lower microbial matter in winter than in mH and H. 
Total SCFA was higher in winter than in summer emphasizing the effect of high fibre feeds on 
cellulase activity.  
 
Zebra in summer favours lower acetate to propionate ratio hence decreasing methane 
production (Beauchemin et al., 2008). Horse and mH favoured higher acetate to propionate 
ratio hence increasing methane production. This was confirmed by the high molar proportion 
of methane in H and mH in summer. Therefore, this could be one of the possible explanations 
for the higher GPmax observed in H and mH compared to ZB. The rates of GP were relatively 
the same among animal types. The similar T1/2 among animal types and between seasons is an 
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indication that culturing before incubation minimizes the error obtained between the growth 
rate of gas curves. This similarity can be explained by an increase in initial microbial 
population which minimizes the error often caused by variation in initial microbial population 
at the beginning of fermentation. The high PF and DEF for ZB in both seasons denote high 
microbial syntheses, digestion and intake.  More than 75% of amino acids and protein 
absorbed by ruminants are from microbial origin (Dewhurst et al., 2000), therefore high PF 
suggests more microbial protein to the ruminant. This was clearly demonstrated by the high 
MY observed for ZB in summer. However, in winter MY was lower in ZB than H and mH. A 
shift in propionate production to acetate in ZB might have deprived some microbial population 
(protozoan) that depends on propionate for metabolism. A decrease in protozoan population 
may affect MY significantly.   
 
The A-fraction of gas production varied among animals within seasons. The high A observed 
in H in both seasons was associated to the microbial species and population as well as the ease 
with which solubles are being hydrolysed. The gas from B did not vary between season and 
among animal types within a season. The major difference seems to arise from the type of end 
products which they produced. Considering the quantity of gas produced in both seasons, mH 
would appear to be the best system. Total SCFA and the SCFA molar proportions are also 
very important factors to be considered when selecting a system. The three most important 
SCFA in the rumen are acetic acid, propionic and butyric acid (Jan, 1994; Sutton et al., 2003).  
Although all these acids can be used to generate energy (ATP) in the intermediary 
metabolism, some of them have been associated with different metabolic processes.  Propionic 
acid is a major precursor for hepatic gluconeogenesis in non-fasting cows (43-73%). Propionic 
acid also affects milk protein content positively while acetic acid increased milk yield and 
milk fat content and butyric acid affects milk fat positively (Jan, 1994).  Based on the total 
SCFA ZB will be the best system followed by H and mH as the least active system. For dairy 
farmers who require high milk yield and high milk protein, the ZB system in summer and 
winter (highest total SCFA) will be the best system to be considered because of their acetic 





It was the objective of this study to compare the fibrolytic competence of three hindgut 
fermenters using cultured faecal inocula as the main source of CPZ for enzyme assays and 
microbes for in vitro fermentation studies. Both winter and summer enzyme assays on 
crystalline cellulose hydrolysis showed that the ZB microbial ecosystem was the most 
competent fibrolytic ecosystem, followed in order by H and mH. Although the rate of MS 
fermentation was not different among the animal types in both season, the results from TD, 
PF, DE and total SCFA especially in winter shows that ZB was a superior fibre fermenter. 
Low gas, high TD and total SCFA observed in ZB implies that the ZB possesses microbes that 
have the ability to conserve energy by reducing the amount of energy wasted a gas during 
fermentation into energy rich metabolites. It is plausible to conclude that ZB and H may 
contain microbes with higher fibrolytic potential which can be beneficial to other 
domesticated ruminants. It will be imperative in future to find out which gases were being 
compromised for what SCFA or other metabolites. An investigation of the synergistic effect of 
the most active microbial ecosystems will be very important. Thirdly, the identification of 
these microbes will be beneficial in animal production as they can easily be exploited as feed 





















An in vitro trial was conducted to investigate the effect of different inoculum sources, horse (H), 
wildebeest (WB) and zebra (ZB) and their combinations on fermentation of maize stover (MS). The 
combined systems (CS) in ratio of 1:1 were: N1) H+WB, N2) H+ZB, N3) WB+ZB and N4) 
H+WB+ZB. Fresh faecal inocula were cultured in the laboratory on maize stover and lucerne (1:1) 
with salivary buffer for 72 h at 38°C before application as an inoculum or extraction of crude protein 
for enzyme assays. Crude proteins were precipitated from cultured faecal inocula by 60% ammonium 
sulphate and analysed for exocellulase, endocellulase and hemicellulase specific activities (µg reducing 
sugar/mg crude protein). In vitro fermentation study was carried out by transferring 33 ml of laboratory 
cultured faecal inoculum (squeezed through four layers of cheese cloth) into 67 ml of salivary buffer 
containing 1g maize stover (MS) and incubating for 72 h at 38°C. Total gas production (GP) and rate 
(C), apparent degradability (APD), true degradability (TD), microbial yield (MY) and total short chain 
fatty acids (Total SCFA), were determined, and methane and CO2 were calculated. Exocellulase 
specific activities differed (P<0.05) among the seven microbial ecosystems. Exocellulase activity on 
crystalline cellulose ranked the different microbial ecosystems according to their fibrolytic potential as 
follows: N1 > N2 > N4 > H > ZB > WB >N3.  Total gas, TD, MY and total SCFA were higher 
(P<0.001) in the CS than in the individual systems (IS). Total SCFA and TD were highest in N1 and 
N3. The overall fermentation rate of MS did not differ among the systems. The time taken to produce 
half GP and microbial colonization time were longer (P<0.05) for CS than in IS. Methane, CO2, 
partitioning factor and degradability efficiency were higher (P<0.05) in IS than CS. Propionate to 
acetate ratio was higher in N1 than the rest of CS which were intermediate. True degradability, total 
gas, total SCFA, PF and degradability efficiency ranked the microbial ecosystems according to their 
fibrolytic potential as follows; N3 > N1 > N4 > WB > N2 > ZB >H.  These results showed that in vitro 
transinoculation is possible and could improve rumen fermentation efficiency, rumen fibrolytic 




5.1 Introduction  
 
Milk yield and animal performance are affected by low quality forages, low digestibility and 
low voluntary intake (Hungate, 1984; van Ackeren et al., 2009). Low digestibility is partly a 
consequence of the forage property (Wei et al., 2009), host animal adaptation and partly 
associated with the extent of microbial activity in the rumen and the caecum. Microbial 
fermentation yields short chain fatty acids (SCFA) and the energy yield during fermentation is 
used for metabolic processes and microbial growth. The SCFA and microbial proteins (MP) 
are the main energy and protein sources for herbivores (Armentano, 1992; Weimer, 1998; 
Wanapat, 2000). Several factors have been associated with a decrease in forage breakdown 
including: forage quality (fibre content) , intake and passage rate, forage composition and type 
of forage (Ranilla et al., 2008), microbial species, efficiency of microbes and microbial 
population (Leng, 1990).  
 
Forage type, microbial species and evolution have been the major focus of most studies 
(Barrière et al., 1991; Philippeau and Michalet-Doreau, 1997; Barrière et al., 2003; Bänziger 
et al., 2006). Although forage type is still a major problem, the advancement of plant 
biotechnology has allowed the modification of plants through the process of genetic 
engineering, producing forages of higher nutritive values (Tolera et al., 1998; Tolera et al., 
1999; Tolera and Sundstøl, 1999).  In vivo digestibility of NDF from maize hybrids almost 
doubled from 32.9 to 60.1%  (Barrière et al., 1991; Barrière et al., 2003). However, in the 
tropics where these technologies are limited, herbivores depend largely on low quality 
roughages and agricultural crop residues which are lower in both fermentable carbohydrate 
and protein content (Wanapat, 2000; 2009). With the high variation in forage quality and 
quantity, fermentation depends largely on the efficiency of microbes in the rumen and hindgut 
of herbivores. Different studies have shown that microbes from the same or different 
herbivore species grazing on the same or different fields may vary in their ability to ferment 
fibre (Gonçalves and Borba, 1996; Dalrymple and McSweeney, 1998; Wanapat, 2001; Yang 
et al., 2010; Kenters et al., 2011). This was also observed in our previous studies (Fon, 2006; 
Fon and Nsahlai, 2009), where crystalline cellulose hydrolysis by enzymes from a zebra was 
higher than those of a wildebeest grazing on the same field. Several studies have also 
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evaluated the effects of dietary enzyme supplements on ruminant feedstuff utilization and 
predominance with mixed results achieved (Yang et al., 1999; Muwalla et al., 2007; Ranilla et 
al., 2008; Tang et al., 2008; Moharrery et al., 2009). Some of these studies reported an 
increase in weight gain, SCFA, milk production or cellulolytic enzymes (Beauchemin et al., 
2003a; Giraldo et al., 2008; Miller et al., 2008; Ranilla et al., 2008; Álvarez et al., 2009; Gado 
et al., 2009) while others observed no differences in enzyme supplementation (ZoBell et al., 
2000; Elwakeel et al., 2007; Krueger and Adesogan, 2008). Because these enzymes are often 
faced with the daunting task of being digested by proteases, microbial (bacteria, protozoan or 
fungi) supplementation became imperative.  
 
The results obtained from in vivo studies have been variable regarding the effects of direct-fed 
microbials (DFM) on ruminant feedstuff utilization and performance. While increases in milk 
production, SCFA, live weight gain or total tract digestibility were reported with DFM 
supplementation by some researchers (Lee et al., 2004; Walsh et al., 2007; Chaudhary et al., 
2008), others observed little or no differences (Vaithiyanathan et al., 2005). Application of 
microbes might just have an urge over enzymes supplementation if they can survive lyses by 
rumen proteases which imply enzyme supply will be continuous.  It is, however, yet to be 
determined if microbes from these ecosystems can co-exist in the same medium and if such 
co-existence can confer positive synergism on fibrolysis. This is because there is very limited 
information in the literature monitoring the synergistic activity of two or more rumen ecology 
apart from the ones described by Wanapat (2001); Vaithiyanathan et al. (2005); Jones and 
Lowry (1984) and Dominguez Bello and Escobar (1997) where microbes survived for up to 14 
days. Therefore, our objective will be to investigate the synergistic (combine) activities of two 
or more ecosystems. 
 
 In chapter 4, it was found that some herbivore microbial ecosystems were more active than 
others even when grazing on the same fields. In this study the three most active fibrolytic 
herbivores microbial ecosystems (horse (H), wildebeest (WB) and zebra ZB) identified from 
our previous experiments, were used to create four combined microbial systems (CS); N1) 
H+WB, N2) H+ZB, N3) WB+ZB and N4) H+WB+ZB. Secondly, the effect of each inoculum 
(microbial ecosystem) on in vitro digestibility of maize stover (MS) was determined and used 
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to compare the individual microbial ecosystems (H, WB and ZB) against the combined 
microbial ecosystems (N1, N2, N3 and N4). 
 
5.2 Materials and Methods 
5.2.1 Materials 
 
The substrates were carboxylmethyl cellulose sodium salt (CMC) from FLUKA Bichemica 
(Germany), crystalline cellulose (powder) from ALDRICH® (Germany) and xylan from 
beech wood (high grade) from SIGMA (USA). Phenylmethylsulfonyl fluoride (PMSF), D-(+)-
xylose and D-(+)-glucose were chemicals from Sigma (USA). Polyethylene glycol 20 000 
(PEG 20 000) from MERK Laboratory supplies, South Africa and 3,5-Dinitrosalicylic acid 
from FLUKA (Switzerland). All the other common chemicals such as glacial acetic acid, 
sodium azide and ethylene diamine tetra acetic acid (EDTA) were bought locally from Capital 
Supplies, South Africa. Maize stover and lucerne were bought locally. Dialysis tubing 
cellulose membrane (10 000 molecular weight cut-off) was from sigma-Aldrich. All spectral 
scans were carried out with Virian Scan 50® Bio UV-Visible spectrophotometer from Varian 
Australia Pty (Ltd), Australia. 
 
5.2.2 Chemical composition of maize stover 
 
Maize stover (MS) chemical composition was analysed as previously described in chapter 3 
(section 3.2.1).  
5.2.3 Experimental animals 
 
Samples (faeces) were collected in winter from a group of animals; horses (H), wildebeests 
(WB) and zebras (ZB) with no preference to sex.  Equus caballus (H) was from the Ukulinga 
Research farm, University of KwaZulu-Natal, Pietermaritzburg. Equus quagga boehmi (ZB) 
and Connochaetes taurinus (WB) were available in the Tala Game Reserve, umbumbulu, 
KwaZulu-Natal (SA). The ZB and WB were grazing on a dry land in an open field where 
Pennisetum clandestinum (Kikuyu grass) standing hay and other fibres were dominant. 
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Although the H was grazing on a dry land in an open field where Kikuyu grass standing hay 
and other fibres were dominant, they were supplemented with hay while in pens. 
 
5.2.4 Faeces collection and inocula preparation 
 
Faeces were collected on farm within 2 min of defecation from H, ZB and WB before 
transferring into an airtight thermo flask (38°C) which has been flushed with CO2.  While in 
the laboratory, 300 g of faeces was mixed with 300 ml of warm incubation buffer (buffer C, 
chapter 3, section 3.2.3) and mixed thoroughly before squeezing through four layers of cheese 
cloth (pre-warmed and flushed with CO2) to make faecal fluid (FF).  Faecal fluid preparation 
was done in the shortest possible time in order to minimize the exposure of microbes to 
oxygen since they are anaerobic. 
 
5.2.5 Faecal fluid culturing 
 






  MS=maize stover, N1= H+WB, N2=H+ZB, N3=WB+ZB and N4=H+WB+ZB. 
 
Faecal fluid was cultured in the laboratory for in vitro inoculation as previously described in 
chapter 3 (Section 3.2.4) with some few modifications. Besides H, WB and ZB as inocula 
sources, four new combined microbial inocula; N1 (H+WB), N2 (H+ZB), N3 (WB+ZB) and 
N4 (H+WB+ZB) were created (Table 5.1) before incubating with salivary buffer (402 ml) 
containing 6 g lucerne and MS (1:1)  for 72 h at 38°C.  The viability of these microbial 
ecosystems was determined by monitoring pH changes. After 72 h of incubation, the sample 
fluid for each ecosystem was used for crude protein extraction or as inoculum for in vitro 







H 198 402 3:3 
WB 198 402 3:3 
ZB 198 402 3:3 
N1 99:99 402 3:3 
N2 99:99 402 3:3 
N3 99:99 402 3:3 
N4 66:66:66 402 3:3 
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digestibility studies. Horse, WB and ZB were the individual systems (IS) while N1, N2, N3 
and N4 were the combined systems (CS). 
 
5.2.6 Crude protein extraction 
 
Crude protein samples were precipitated from cultured faecal fluid using 60% ammonium 
sulphate (section 3.2.5), dialyzed overnight (section 3.2.6) and analysed to determine 
concentrations (section 3.2.7). 
 
5.2.7 Enzyme assays  
 
Exocellulase, endocellulase and xylanase specific activities were determined by incubating 
with crystalline cellulose, carboxymethyl cellulose and xylan respectively, as described in 
chapter 3 (section 3.2.8). Reducing sugars liberated from the different enzyme assays were 
measured as previously described by Miller (1959) (section 3.2.9). Enzyme specific activity 
was defined as µg of reducing sugar/mg crude protein. Each ecosystem enzyme assay was 
replicated thrice with five pseudo repeats.  
 
5.2.8 In vitro digestibility 
 
5.2.8.1 In vitro gas production 
 
An automated gas production method using computerized pressure transducer system similar 
to the one described by Pell and Schofield (1993) was used in this experiment as previously 
described in chapter 3 (section 3.2.10.1). Inocula were from H, WB, ZB, N1, N2, N3, and N4 
cultured systems. Substrate incubation with each inoculum type was replicated three times 
with five pseudo repeats. Gas and the rate of gas production were measured by fitting the raw 
data in the model described by Campos et al. (2004). The total gas produced from MS 
fermentation (GP), the time taken to produce half the gas (T1/2), the gas at the point of 
inflection (µ), the overall rate of MS fermentation (C), the gas produced by soluble (A) and 
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the insoluble but degradable fraction of MS (B) and their rates a1 and b1, respectively, as well 
as the lag time (lt) were measured in this study. 
 
5.2.8.2 In vitro degradability and SCFA 
 
In vitro degradability of MS was determined as previously described in chapter 3 (section 
3.2.10.3) but for the inocula which were from H, WB, ZB, N1, N2, N3, and N4 cultured 
systems. In vitro degradability was carried out with MS as the main substrate. Maize stover 
incubation with each inoculum type was replicated three times with five pseudo repeats. 
Apparent (APD) and true degradability (TD), microbial yield (MY), the partitioning factor 
(PF), degradability efficiency (DE) and total SCFA were the parameters measured in this 
experiment as described in chapter 3 section 3.2.10.1 and 3.2.10.3.   
 
5.2.8.3 Stoichiometric calculations of carbon dioxide, methane and microbial yield  
 
The theoretical calculations of CO2, CH4 and microbial yield (MY1) were conducted as 
described by Groot et al. (1998) based on the stoichiometric balance of the fermentation of 
glucose to propionic acid (PP), acetic acid (Acet), n- and iso-butyric acid (nB and iB, 
respectively), CO2 and CH4 (Czerkawski, 1978; Van Soest, 1994). Microbial yield was 
calculated from the total moles of ATP yield from Acet (2), PP (3), nB(2) and CH4(1) 
multiplied by the grams of  microbial dry matter per mole of ATP (YATP) derived from 
fermentation. Methane, CO2 and MY1 were calculated from the following stoichiometric 
equations (5.1, 5.2, 5.3 and 5.4); 
 
       CO2   = Acet/2 + PP/4 + 3(nB+iB)/2 ---------------------------------------equation 5.1 
      CH4   = Acet + 2(nB+iB) – CO2 -------------------------------------------- equation 5.2 
      Total ATP (moles) = 2*Acet + 3*PP + 2*nB + 1*CH4 ------------------equation 5.3 
       MY1 =   YATP*total ATP -----------------------------------------------------equation 5.4                  
Where MY1 =calculated microbial yield, Total ATP = sum of ATP from the fermentation products, 
YATP= grams of microbial dry matter per mole of ATP derived from fermentation, Assumed YATP=20 
g/DM (Czerkawski, 1978; Harrison and McAllan, 1980).  
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5.2.9 Statistical analysis 
 
SAS software was used to perform statistical analysis (SAS, 2002). Samples were analysed to 
determine the effects of season and microbial ecosystem using the GLM procedure. The 
model was:  
Yijk = µ + Ti + runj + eijk 
Where Yijk is the individual observation, µ is the overall mean, Ti is the effect of the inoculum 
source, runj is the effect of run, and eijk is the random variation.  
 
5.3 Results 
5.3.1 Enzyme assays 
The specific activities of hemicellulases differed (P<0.001) among the seven herbivore 
microbial ecosystems (Table 5.2).  Hemicellulolytic activity was highest in N4 followed by 
N2. The H and ZB had the third highest specific activity compared to N1 and N3 while the 
least hemicellulolytic activity was observed in WB. Endocellulase activity differed (P<0.001) 
among the microbial ecosystems. The highest endocellulolytic activity was observed in N4 
while H and ZB were the second highest. All the other systems demonstrated a moderate 
 
Table 5.2 Effect of source of inoculum on the specific activities of exocellulase, endocellulase and xylanase 
of crude protein extracts from seven in vitro microbial ecosystems 
H = horse, WB = wildebeest, ZB = zebra, N1= H+WB, N2= H+ZB, N3=WB+ZB and N4 = H+WB+ZB. 
 
Inoculum source 







H 98.2 92.7 141.8 
WB 57.3 72.5 90.5 
ZB 88.8 89.2 107.1 
N1 81.4 87.7 163.1 
N2 104.5 77.6 162.6 
N3 68.5 80.5 98.1 
N4 183.0 108.5 160.9 
SED 2.63 1.96 4.15 
P-value 0.001 0.001 0.001 
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endocellulolytic activity but for N2 and WB which showed the lowest activities. Exocellulase 
specific activity differed (P<0.001) among the seven microbial ecosystems. The highest 
specific activities were observed in N1, N2 and N4. The H demonstrated the second highest 
exocellulase specific activity while the least was observed in WB.  
 
5.3.2 In vitro degradability of maize stover and gas production 
 
The results from in vitro degradability of MS are presented on Table 5.3. The highest 
(P<0.001) APD value for MS was observed in N1 while systems WB, N4 and N3 were 
intermediate when compared to systems H, ZB and N2.  The TD was highest (P<0.001) in N1 
and intermediate in N3, WB, N4 and N2 when compared to H and ZB microbial ecosystems. 
Systems N3 and N4 recorded the highest (P<0.001)  GP, followed by N1 and WB with 
intermediate 
 
Table 5.3 Effect of source of inoculum on in vitro fermentation of maize stover by seven microbial 
ecosystems 
APD = apparent degradability, TD=true degradability, MY=microbial yield, MY1 = microbial yield calculated 
from fermentation products, H=horse, WB=wildebeest, ZB = zebra, N1=H+WB, N2= H+ZB,  N3=WB+ZB and 
N4 = H+WB+ZB, GP= total gas produced from MS fermentation after 72h, DE=degradation efficiency factor, 
µ= the gas at the point of inflection, PF=partitioning factor (mg of substrate degradable/maximum volume of gas) 








 H WB ZB N1 N2 N3 N4 
APD (mg/g) 356 457 324 485 316 430 402 9.7 *** 
TD (mg/g) 584 679 589 714 606 680 671 4.2 *** 
MY (mg/g) 228 222 265 229 290 250 269 9.0 * 
MY1 (mg/g) 139 227 152 240 275 348 160 17 ** 
GP (ml/g) 97 135 102 132 117 146 148 3.7 *** 
C(h
-1
) 0.022 0.02 0.025 0.021 0.02 0.02 0.02 0.001 ns 
T1/2 (h) 24.6 27.3 21.8 28.3 27.5 28.9 30.6 0.72 ** 
µ (ml/h) 2.1 2.6 2.5 2.7 2.3 2.9 2.8 0.11 ns 
PF 6 5 5.8 5.6 5.2 4.7 4.6 0.23 ** 
DEF 0.12 0.08 0.12 0.09 0.09 0.07 0.08 0.010 *** 
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values when compared to N2, ZB and H with the lowest GP.  Microbial yield (MY) was 
highest (P<0.001) in N2 and intermediate in N4, ZB and N3. Microbial yield calculated from 
fermentation products (MY1) was higher (P<0.01) in the CS than IS. It was highest in N3, 
intermediate in N2, N1 and WB and lowest in N4, ZB and H. The lowest MY values were 
observed in H, WB and N1. The rate (C) of MS fermentation was not significantly different 
among the microbial ecosystems but the results show that, C was relatively higher in ZB 
compared to the other systems. The time taken to produce half GP (T1/2), varied (P<0.01) 
among the herbivore microbial ecosystems. Generally, T1/2 was longer for the combined 
systems (CS) than in the individual systems (IS). Gases produced at the point of inflection (U) 
were similar among the microbial systems. The PF and DEF varied (P<0.01) among the seven 
herbivore microbial ecosystems. Horse, ZB and N1 recorded the highest PF and DEF values. 
The PF and DE for N3 and N4 were relatively lower when compared to that of N2 and WB.  
 
Total SCFA was generally higher (P<0.001) in the CS than in the IS (Table 5.4). System N3 
recorded the highest total SCFA followed by N1, WB and N2 while the rest of the systems (H, 
ZB, and N4) were relatively lower. Acetic acid had the highest molar proportions in all 
systems but for N1.  Propionic acid had the second highest molar proportions while nB was 
the least in all seven microbial ecosystems. Horse and 
 













SCFA = short chain fatty acids, H = horse, WB = wildebeest, ZB = zebra, N1= H+WB, N2= H+ZB, N3=WB+ZB 








 H WB ZB N1 N2 N3 N4 
Short chain fatty acids 
Total SCFA 
(mM) 29.12 46.81 30.99 47.42 56.74 71.54 33.02 3.343 *** 
Molar proportions 
Acetic 0.575 0.517 0.498 0.451 0.545 0.498 0.431 0.0081 *** 
Propionic  0.381 0.427 0.47 0.529 0.425 0.433 0.423 0.0062 *** 
Butyric 0.044 0.056 0.031 0.019 0.03 0.069 0.114 0.0032 *** 
CO2 0.449 0.449 0.414 0.387 0.424 0.460 0.540 0.0031 *** 
Methane 0.214 0.179 0.147 0.103 0.181 0.175 0.182 0.0041 ** 
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N2 had the highest molar proportion of Acet followed by WB, ZB and N3 while the least was 
found in ZB and N4. Propionic acid was highest in N1, intermediate in ZB and low in the rest 
of the systems. Methane and CO2 molar proportions varied (P<0.001) among the seven in 
vitro microbial ecosystems. Carbon dioxide was highest in N4 and N3 and lowest in N1 while 
the rest of the systems were intermediate in CO2 production. Unlike CO2, CH4 was lowest in 
N1 and highest in H.  
 
5.3.3 In vitro gas production kinetics 
The kinetic parameters of gas production from MS fermentation are shown on Table 5.5. The 
gas volumes from A were smaller (P < 0.01) than that of B.  The highest gas volume from A 
was produced by WB, followed by ZB compared to H and N2 with intermediate volumes. The 
gas from A was relatively lower in N1, N3 and N4. The gas from B varied (P<0.001) among 
the seven herbivore microbial ecosystems with N4, N3 and N1 producing the highest gas 
volumes. Gas production from B by N2 and WB was relatively higher compared to H and ZB 
with the least gas volumes. The rate of gas production from solubles (a1) was higher (P<0.01) 
than that of non-solubles (b1) in all microbial ecosystems.  The fermentation rate of solubles  
 
Table 5.5 Effect of source of inoculum on mean gas production kinetics of maize stover fermented in 
various inocula 
 A and B are the gas volumes (mL) from fast and slowly degradable fractions of MS, respectively, a1 and   b1 are 
the fermentation rates (h
−1
) of A and B respectively. H = horse, WB = wildebeest, ZB = zebra, N1= H+WB, N2= 




Gas production kinetic parameters 
A (ml) a1 (h
-1
) B (ml) b1 (h
-1
) lt (h) 
H 27 0.100 71 0.022 1.4 
WB 52 0.067 83 0.019 1.6 
ZB 38 0.180 63 0.023 1.9 
N1 10 0.389 121 0.021 3.7 
N2 25 0.076 92 0.019 1.5 
N3 10 0.345 136 0.021 3.5 
N4 11 0.229 136 0.021 4.1 
SED 2.0 0.0471 4.0 0.0010 0.33 
P-value *** ns *** ns ** 
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varied (P<0.001) among the microbial ecosystems.  The rate (a1) was fastest in N1 while N3 
and N4 were relatively faster. The slowest a1 was observed in H, WB and ZB. The 
fermentation rate of B (b1) was not different among the microbial ecosystems. Microbial 
colonization time (lt) was longer (P<0.01) in the CS (N1, N2, N3 and N4) than in the IS (H, 
WB and ZB).  
 
5.4 Discussion  
 
The rumen is an essential fermentation chamber in herbivores colonized by microbes capable 
of fermenting forages into SCFA and microbial protein, which serves as a major source of 
energy and protein, respectively, to the host (Weimer, 1998; Wanapat, 2000). In hindgut 
fermenters, forages are fermented by microbes yielding SCFA and microbial proteins. The 
SCFA in hindgut fermenters are utilized for energy by the host while microbial proteins are 
excreted in faeces unlike in ruminants where it is the main protein source to the host 
(Wanapat, 2000; Zhu et al., 2005). The more efficient the rumen or hindgut is, the better the 
fermentation products being synthesized from low quality forages and crop residues. 
Therefore, strategies directed towards enhancing rumen ecology will be beneficiary in 
livestock production. This study probed both rumen and hindgut ecology manipulation in an 
attempt to find combined systems with enhanced fibrolytic activities.  
 
Hemicellulase specific activities showed that microbial synergism in CS had a net positive 
effect on xylan hydrolysis with higher values observed in N4 and N1 than in the IS. Only N4 
had a much higher endocellulase specific activity than the other CS. This implies that the 
effect of CS on amorphous cellulose solubilisation was only prominent in N4. Exocellulase 
specific activities (the hydrolysis of crystalline cellulose) in CS were generally higher than 
those of the IS. Although the exact explanation of the fibrolytic enhancement of these 
ecosystems are not very clear, it is possible that mixing microbial inoculum from different 
animal species might have introduce microbes of higher fibrolytic potential, which can 
compete and survive in the new ecosystem. The survival of such microbes implies an increase 
in potent exocellulases, hence an increase in fibre breakdown. The total microbial population 
of such microbes may play a major role in the quantity of cellulases available for crystalline 
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cellulose hydrolysis. The quantity of cellulases available for fibre hydrolysis may not be 
affected by microbial population only, but by the efficiency of fibrolytic enzyme secreted and 
their combined effect.  An examination of N3 enzyme assays showed that combining WB and 
ZB inocula, suppresses substrates hydrolysis by 22.7%, 9.7% and 8.4% for hemicellulase, 
endocellulase and exocellulase specific activities, respectively. This enzyme activity 
suppression might be due to microbial protein secretions (proteases, antibiotics) during 
competition for substrates and niche colonization. This implies that the microbes with higher 
fibrolytic potential might have been dominated by microbes with a higher niche colonization 
potential but relatively lower fibrolytic potential. The CS had a higher effect on crystalline 
cellulose hydrolysis than IS. This may be due to a positive synergistic effect with an increase 
in enzyme concentration and efficiency. Both in vivo and in vitro enzyme supplementation 
experiments have been carried with some of them achieving a positive effect on fibre 
hydrolysis (Ranilla et al., 2008; Gado et al., 2009; Gallardo et al., 2010; Shekhar et al., 2010) 
whereas others reported no effect (Pinos-Rodriguez et al., 2008; Ranilla et al., 2008). In vitro 
enzyme supplementation study by Ranilla et al. (2008), showed that fibre hydrolysis was 
improved only within the first 10 h, but not at long 24 h incubations. They also mentioned that 
the activity was also dependent on the enzyme concentration used. The result from crystalline 
cellulose hydrolyses shows that, systems N1, N2 and 4 were the best enzymes systems to be 
exploited for future enzyme additive studies. 
 
The TD was highest in N1 and N3 when compared to all the other ecosystems. The highest 
activity was associated to the cumulative effect of microbes from two different species as 
previously been demonstrated by Wanapat (2001). It was also observed that TD increases in 
CS when compared to IS. The TD improvement in these new systems might be due to 
increases in microbial population, increases in a predominant fibrolytic microbial species 
(bacteria, protozoa, or fungi) and  introduction of microbes that might have evolved with their 
potential in hydrolyzing fibre or the type of fermentation end-products available (Russell and 
Rychlik, 2001; Calabrò et al., 2008; Wanapat et al., 2009). Although feed type is assumed not 
to be a major factor influencing TD is this study since all systems where subjected to a 
common feed for three days before application, it is still possible that the type of forages 
which these animals have been grazing on in the wild might have played a major role in the 
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evolutionary development and efficiency of their microbes. This was observed in the study by 
Xi et al. (2007) who demonstrated that Gayal cattle was able to utilize low quality forages 
better than Yunnan Yellow cattle due to the continuous exposure and adaptation on low 
quality forages in their natural environment. 
 
 The maximum extent of GP was generally higher in CS than IS. The GP was highest in N4 
and N3 intermediate in WB, N1 and N2. If high GP reflects the amount of substrate digested, 
this means that systems N4 and N3 were the most active systems while H and ZB were the 
least. Although GP was generally higher for CS as observed for TD, the ranking of these 
ecosystems were different.  The ranking order of these ecosystems from the most active to the 
least was N1>N3> WB> N4> N2> ZB > H for TD values and N4>N3 > WB>N1 > N2> ZB > 
H for GP values. Only systems N3 and WB were ranked in the same position by both TD and 
GP. The microbial ecosystems N4 and N1 switched positions in GP ranking. However, lower 
GP does not necessary imply lower fibrolytic activities as demonstrated by Gonçalves and 
Borba (1996) where MS might have been fermented to other energy rich metabolites than 
gases. The rate of MS fermentation (C) was not significantly different among the seven 
microbial ecosystems. Because C did not differ among the systems, other cumulative factors 
of fermentation such as TD, GP, intake and microbial protein synthesis can be used for 
ranking the different inocula activities.   
 
The lag time and T1/2 was generally longer for CS than in the IS.  The reason for this delay 
was not really clear as culturing the microbial inoculum prior application was thought to 
increase microbial population, hence a decrease in microbial colonization time.  However, this 
delay could have originated from the fact that the CS are quite new and the microbes are still 
competing for ecological niche dominance (when used as an inoculum hence the set back in 
colonization time). The established IS competes for substrates rather than ecological niche 
when used as an inoculum thereby speeding up the microbial colonization time. The gas 
produced at the point of inflection was not different among the seven ecosystems. Partitioning 
factor and DEF were significantly higher in the IS than in the CS.  High PF values have been 
associated with high microbial protein synthesis and intake (Blümmel et al., 2003; Darshan et 
al., 2007). This implies that microbial protein synthesis in the IS was relatively higher than 
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that of the CS but for N1 and N2. If a higher MY implies a higher digestibility then the PF 
prediction of higher MY in the IS contradicts the higher TD and GP in CS. Recent studies by 
Jackson et al. (2010); Krishnamoorthy and Robinson (2010) has rejected the theory of PF 
being a good predictor of microbial protein synthesis alone. The prediction of microbial 
protein synthesis from PF did not rank the ecosystems in the same order as MY and MY1.  
MY and MY1 ranking showed that, microbial protein synthesis were generally higher in the 
CS than IS. Degradability efficiency was also higher in the H, WB and ZB than in N1, N2, N3 
and N4 with higher TD and GP. This implies that MS fermentation efficiency was much 
higher in IS. This does not correspond with the values obtained from TD and GP. A clear 
explanation for the higher DEF in IS was not known. 
 
Total SCFA was generally higher in CS than in IS but for N4. Total SCFA was highest in N3, 
intermediate in N2, N3 and WB. These results confirm that CS can improve the rumen 
ecology, microbial protein synthesis and the total SCFA available for energy generation by the 
host ruminant. Methane and CO2 were generally lower in the CS than in the IS. This is an 
indication that, microbial synergism suppresses the production of gases and promotes the 
production of other metabolites such as SCFA. The higher CO2 and methane observed in IS 
could be a possible reason for the decrease in total SCFA in these systems. Therefore, the total 
SCFA production was compromised for gases production which is disadvantageous to the host 
ruminant. Lower methane production in CS renders these systems environmental friendly as 
CH4 production from ruminants is one of the major greenhouse gases involved in global 
warming. The molar proportion of SCFA was generally similar to those obtained by different 
researcher where acetic acid was the most abundant, followed by propionic acid and lastly 
butyric acid (Solaiman and Shoemaker, 2009). The highest propionic acid to acetic acid ratio 
was observed in N1 while the lowest in H. This suggests that these ecosystems can be suitable 
in different livestock production systems.  
 
Gas production from A was generally lower than that of B in all systems. This is due to 
relatively small amount of solubles in MS for fermentation (Ouda, 2007).  The fermentation 
rates (a1 and b1) did not vary among the ecosystems. Similar results were also obtained by 
Hervas et al. (2005) when comparing in vitro digestibility of forages (alfalfa and barley hay) 
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by rumen inocula from goat and deer. They found no differences in their fermentation rates 
but they differed in their organic matter digestibility. The quantities of A were limited and 
were digested rapidly (highly soluble) compared to B. Because B is fibrous (cellulose), its 
solubility by enzymes is very slow, hence the lower values observed from b1 values. Systems 
N4, N3 and N1 were noted for their exceptionally high B values when compared to the rest of 




Both CS and IS systems had an overall positive effect on crystalline cellulose, carboxymethyl 
cellulose and xylan hydrolysis. With respect to crystalline cellulose hydrolysis, systems N1, 
N2, N4 and H were the most active fibrolytic ecosystems.  In vitro fermentation of MS   
showed that microbial synergism was positive among the CS. Based on the following 
digestibility parameters; TP, GP, PF, total SCFA and B, the microbial ecosystems were ranked 
according to their fibrolytic potential; N3 > N1 > N4 > WB > N2 > ZB >H.   The ranking of 
the microbial ecosystems based on in vitro fermentation was preferred to exocellulases 
ranking because of its application of a natural substrate (MS) during fermentation. This 
implies that the most active microbial ecosystems were N3, N1 and N4. This shows that in 
vitro transinoculation is possible and could improve rumen fermentation efficiency, rumen 
fibrolytic microbes‘ quantity and ecology. Therefore, investigating the in vivo effect of these 
systems would be useful. Further experimentation is required to probe the lower exocellulase 
activities observed in N3 which was the best systems as demonstrated by its digestibility 
parameters. Secondly, more research is also required to investigate the suppression of both TD 
and total gas production by H when mixed with ZB.  The delay in microbial colonization 
observed in the CS requires further investigation as microbial colonization time was expected 







Cellulase production from five in vitro herbivore microbial ecosystems and 
their combined systems 
Abstract 
 
As the most abundant biomass in nature, cellulose is the main chemical component in forages for 
herbivores. The energy locked in these complex polymers can only be released by cellulolytic 
enzymes. Therefore, researches aiming to increase the expression of cellulolytic enzymes or browsing 
uncultured microbial ecosystem in search of potential fibrolytic enzymes is imperative. The main 
objectives were to: (a) investigate the variation of cellulase enzymes in cow (CW), horse (H), 
miniature horse (mH), wildebeest (WB) and zebra (ZB) and (b) identify their presence and activity in  
combined microbial ecosystems (CS), N1 (H+WB), N2 (H+ZB), N3 (WB+ZB) and N4 (H+WB+ZB). 
Fresh faecal or rumen inocula were cultured in the laboratory on maize stover and lucerne (1:1) with 
salivary buffer for 72 h at 38°C. Crude proteins (CPZ) were precipitated from both fresh and cultured 
inocula using 60% ammonium sulphate for enzyme assays and zymography. Endocellulases 
(Carboxymethyl cellulases) and its activity were identified on 1% (m/v) carboxymethyl cellulose 
(CMC) zymograms stained with Congo red before rinsing with 5% acetic acid to yield a dark blue 
coluoration for photographing. All CPZ extracts were active as reducing sugars were produced after 
incubation with crystalline cellulose, CMC and xylan. Crude protein extracts showed numerous protein 
bands on both reducing and non-reducing 10% sodium dodecyl sulphate polyacrylamide gels. The 
number and types of proteins with Carboxymethyl cellulases (CMCases) activity varied (P<0.05) 
among and within the different animal species CW (15), H (14), mH (14), WB (13) and ZB (13). 
Combined microbial ecosystems were successfully created with more active CMCases than in the 
individual microbial ecosystems, N1 (17), N3 (14), N4 (14), and N2 (13). These results show that 
cellulase enzymes vary among and within herbivore species grazing on the same or different fields. 
Therefore, identifying specific enzymes and microbes with higher fibrolytic potentials from different 







Cellulases are enzymes secreted by a large number of free-living and rumen symbiotic 
microorganisms to catalyze the hydrolysis of cellulose (Ye et al., 2001). Cellulose is a plant 
polysaccharide composed of β-D-glucopyranosyl units joined together by β-1, 4-glycosidic 
bonds. It is the major component of plant cell walls and most abundant plant polysaccharide 
(Imai et al., 2004). The solubilization of cellulose to glucose units occurs in three basic steps 
involving three major cellulase enzymes, namely exocellulase, endocellulase and cellobiase 
(Lenting and Warmoeskerken, 2001; Ye et al., 2001; Percival Zhang et al., 2006); (1) 
endocellulase randomly hydrolyse β-1,4 glycocidyl linkages within the water insoluble 
cellulose chains, (2) exocellulase hydrolysis β-1,4 glucocidyl linkages at either the non-
reducing or reducing ends of cellulose forming cellobiose and (3) β-cellobiase hydrolysis 
cellobiose into two glucose molecules (Bhat and Bhat, 1997). These glucose molecules are 
fermented by the microbes for energy generation (ATP) yielding short chain fatty acids 
(SCFA) as by-products which are the main metabolic substrates for energy production in 
ruminants (Armentano, 1992).    
 
Cellulases and related polysaccharidases are commonly used in many industrial applications 
including; food, brewery, paper, animal feed and agricultural research (Bhat and Bhat, 1997; 
Poutanen, 1997; Pratima, 1999; Beauchemin et al., 2003a). Animal feed will be our main 
focus as more than 600 million tons of feed worth more than 50 billion US dollars are 
produced annually (Bhat, 2000).  Cellulases and hemicellulase have been shown to have a 
wide range of feasible applications in both monogastric (Bohme, 1990; Bedford and Classen, 
1992; Ponte et al., 2004; Mourao et al., 2006; Yang and Xie, 2010) and ruminants (Lewis, 
1996; Bhat, 2000; Beauchemin et al., 2003a; Eun and Beauchemin, 2008; Yang and Xie, 
2010). In monogastric animals, cellulases are used either to eliminate anti-nutritional factors 
present in grains or vegetables, degrade certain cereal components in order to improve the 
nutritional value of feed or to supplement animals‘ own digestive enzymes whenever these 
enzymes are insufficient especially at post-weaning period in piglets (Galante et al., 1998; 
Ponte et al., 2004; Mourao et al., 2006).  In ruminants, it has been used to improve feed 
digestibility, milk yield, body weight gains and animal performance (Yang et al., 2000; Hainze 
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et al., 2003; Bala et al., 2009; Peters et al., 2010; Arriola et al., 2011). However, enzyme 
application in ruminants is much more difficult than observed in monogastric animals.  This is 
primarily due to the complexity of the feed (high cellulose, hemicellulose, pectin, lignin 
content, tannin, silica and waxy substances (Himmel et al., 2007; Wei et al., 2009)) fed to 
ruminants. Although many studies on enzyme supplementation have shown substantial 
improvements in feed digestibility and animal performance (Titi and Tabbaa, 2004; Bala et al., 
2009), others reported negative effects or none at all (Titi and Tabbaa, 2004; O'Connor-
Robison et al., 2007; Peters et al., 2010). 
  
Enzyme sources can either be pure or crude (but richer in the application enzyme). Pure 
cellulase enzymes are expressed by specific microorganism using molecular biology 
techniques in the laboratory while crude cellulase enzymes mixtures are concentrated from in 
vitro incubators. Although cellulase expressions by microbes or genetically modified microbes 
have been the main sources of enzymes, attempts have also been made to clone cellulase and 
hemicellulase genes in order to produce transgenic animals. These animals would secrete the 
required enzymes into the gastrointestinal tract to facilitate its feed digestion efficiency (Hall 
et al., 1993). Despite reports describing the isolation and characterization of cellulases and 
hemicellulase from different environmental genomic libraries (Ferrer et al., 2005), the 
biotechnological potential of novel cellulases from uncultured microbial community has been 
far from being fully explored. Therefore, exploring a variety of ecosystems to identify the 
different types (size) of cellulase enzymes present, their fibrolytic potential as well as their 
combined effect might be beneficiary in ruminant nutrition.  
 
The main objectives were to: (a) to identify the types of cellulase enzymes available in the 
following individual microbial ecosystems (IS); cow (CW), horse (H), miniature horse (mH), 
wildebeest (WB) and zebra (ZB); and (b) identify their presence and activeness in  combined 
microbial ecosystems (CS), N1 (H+WB), N2 (H+ZB), N3 (WB+ZB) and N4 (H+WB+ZB). 
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6.2 Materials and methods 
6.2.1 Materials 
 
The substrates were carboxylmethyl cellulose sodium salt (CMC) from FLUKA Bichemica 
(Germany), crystalline cellulose (powder) from ALDRICH® (Germany) and xylan from 
beech wood (high grade) from SIGMA (USA). Phenylmethylsulfonyl fluoride (PMSF), D-(+)-
xylose and D-(+)-glucose were chemicals from Sigma (USA). Polyethylene glycol 20 000 
(PEG 20 000) from MERK Laboratory supplies, South Africa and 3,5-Dinitrosalicylic acid 
from FLUKA (Switzerland). All the other common chemicals such as glacial acetic acid, 
sodium azide and ethylene diamine tetra acetic acid (EDTA) were bought locally from Capital 
Supplies, South Africa. Maize stover (MS) and lucerne (LC) were bought locally. Dialysis 
tubing cellulose membrane (10 000 molecular weight cut-off) and molecular weight markers 
(150, 100, 75, 50, 35, 25 and 15 kDa) were from sigma-Aldrich. All spectral scans were 
carried out with Varian Scan 50® Bio UV-Visible spectrophotometer from Varian Australia 
Pty (Ltd). 
 
6.2.2 Experimental animals 
 
Samples (faeces) were collected in winter from a herd of animals; cows (CW), horses (H), 
miniature horses (mH), wildebeests (WB) and zebras (ZB) with no preference to sex. CW, mH 
and H were from the Ukulinga Research farm, University of KwaZulu Natal, 
Pietermaritzburg. Equus quagga boehmi (ZB) and Connochaetes taurinus (WB) were 
available at the Tala Game Reserve, uMbumbulu, KwaZulu-Natal (SA).  The ZB and WB 
were grazing on a dry land in an open field where Pennisetum clandestinum (Kikuyu grass) 
standing hay and other fibres were dominant. Although the CW, mH and H were grazing on a 
dry land in an open field where Kikuyu grass (standing hay) and other fibres were dominant, 





6.2.3 Faeces collection and inocula preparation 
 
Faeces were collected on farm within 2 min of defecation from H, ZB and WB before 
transferring into an airtight thermo flask (38°C) which has been flushed with CO2.  While in 
the laboratory, 300 g of faeces was mixed with 300 ml of warm incubation buffer (buffer C, 
chapter 3, section 3.2.3) and mixed thoroughly before squeezing through four layers of cheese 
cloth (pre-warmed and flushed with CO2) to make faecal fluid (FF).  Faecal fluid preparation 
was done in the shortest possible time in other to minimize the exposure of microbes to 
oxygen since they are anaerobic. For the cow, rumen fluid (RF) was collected and prepared as 
described in chapter 3 (section 3.2.3). 
 
6.2.4 Faecal and rumen inocula culturing 
 
Table 6.1 Faecal and rumen fluid proportions for culturing microbial ecosystems 








CW=cow, H=horse, WB=wildebeest, ZB=zebra, mH=miniature horse, N1= H+WB, N2=H+ZB, N3=WB+ZB 
and N4=H+WB+ZB, MS=maize stover, LC=lucerne 
 
Faecal fluid was cultured in the laboratory for in vitro inoculation as previously described in 
chapter 3 (Section 3.2.4) with some few modifications. Besides CW, mH, H, WB and ZB as 
inocula sources, four new combined microbial inocula were created; N1 (H+WB), N2 
(H+ZB), N3 (WB+ZB) and N4 (H+WB+ZB) (Table 5.1). The inocula were incubated with 
salivary buffer (402 ml) containing 6 g of MS and LC (1:1) for three days at 38°C.  The 
viability of each microbial ecosystem was determined by monitoring pH changes. After three 






CW 198 402 3:3 
H 198 402 3:3 
mH 198 402 3:3 
WB 198 402 3:3 
ZB 198 402 3:3 
N1 99:99 402 3:3 
N2 99:99 402 3:3 
N3 99:99 402 3:3 
N4 66:66:66 402 3:3 
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days of incubation, the sample fluid for each microbial ecosystem was used to extract crude 
protein (CPZ) for enzyme assays and zymography. The individual systems (IS) were CW, 
mH, H, WB and ZB while the cultured combined systems (CS) were N1, N2, N3 and N4.  
 
6.2.5 Crude protein extraction for enzyme assays 
 
Crude protein samples for enzyme assays were precipitated from both fresh (CW, mH, H, WB 
and ZB) and cultured (CW1, mH1, H1, WB1, ZB1, N1, N2, N3 and N4) inocula by adding 
60% ammonium sulphate (section 3.2.5), dialyzing overnight (section 3.2.6) and determining 
the concentrations (section 3.2.7). 
 
6.2.6 Enzyme assays  
 
Enzyme assays were carried out to confirm the activeness of each crude protein extract (CPZ) 
prior to zymogram assays. Exocellulase, endocellulase and xylanase specific activities were 
determined by incubating with crystalline cellulose, carboxymethyl cellulose and xylan 
respectively, as described in chapter 3 (section 3.2.8). Reducing sugars liberated from the 
different enzyme assays were measured as previously described by Miller (1959) (section 
3.2.9). Each ecosystem was represented by three samples each of which was analysed in 
triplicates. Specific activities of the above enzymes were defined as µg of reducing sugar/ mg 
crude protein. 
 
6.2.7 Sodium dodecyl sulphate polyacrylamide gel electrophoresis and cellulase 
zymography 
 
6.2.7.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis  
 
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is one of the most 
powerful techniques used in biochemistry, molecular biology and genetics to separate proteins 
mixtures according to their sizes. An ionic detergent (SDS) is applied to the protein mixture to 
be separated which denatures the secondary and non-disulphide-linked tertiary structures and 
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applies a negative charge to each protein in proportion to its mass. Therefore, the protein 
mixture in an electric field will migrate at a speed determined by their charge: mass ratio. 
There are two types of SDS-PAGE namely reducing and non-reducing. In the reducing SDS-
PAGE, 2-mercaptoethanol is included in the sample treatment buffer which is a disulphide 
reducing agent that breaks proteins into their constituent subunits. These protein subunits bind 
to SDS and will more efficiently open up the structure giving a better estimate of the molar 
ratio. The denatured protein structures cannot be re-natured. In the non reducing SDS-PAGE, 
2-mercaptoethanol is not included hence the denatured secondary and non-disulphide-linked 
tertiary structures can be re-natured by the removal of SDS. This implies that the proteins on 
the gel can still perform their different functions after separation.  
 
Both reducing and non-reducing SDS-PAGE (Laemmli, 1970) was used in this study to 
monitor the presence of proteins in the CPZ samples. Crude protein extracts (10µg/5µl) were 
separated on a 10% running gel. The gels were stained with Coomassie blue-250 or by silver 
staining (when the proteins were too small to be stained by Coomassie blue-250) for the 
detection of protein bands on the gel (Blum et al., 1987). Crude protein extracts were run 
alongside a molecular weight marker (150, 100, 75, 50, 35, 25 and 15 kDa) for estimating 
unknown molecular weights of protein bands.  Each ecosystem CPZ (CW, mH, H, WB, ZB, 
N1, N2, N3 or N4) extracted at three different times of collection, were ran on gels more than 
three times to established the presence of protein bands. 
 
6.2.7.1 Cellulase zymography 
 
Zymography is a versatile two-staged technique involving protein separation by 
electrophoresis followed by the detection of cellulase activity. This method is regularly used 
to identify cellulase activities on polyacrylamide gels under non-reducing conditions. To 
established zymograms of cellulase activities, CPZ (from CW, mH, H, WB, ZB, N1, N2, N3 
and N4) were separated on a 10% non-reducing SDS polyacrylamide gels which have been 
polymerized with 1% (m/v) CMC substrate. After separation on the non-reducing SDS 
polyacrylamide gels, re-naturation of proteins were carried out by soaking the gels in two 
changes of  50 ml of 2.5% (v/v) Triton X-100 (to remove SDS) over 3 h at room temperature 
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(Heussen and Dowdle, 1980; Dodia et al., 2008). Following this, the gels were incubated in 
the reaction buffer (chapter 3, section 3.2.7) of pH 5.0 at 33ºC for 48 h. After incubation these 
gels were stained with 0.2% (w/v) Congo red to identify protein bands with cellulase activity 
as previously described by Beguin (1983). After staining the gels were rinse with 5% acetic 
acid to change the background to blue black for easy photographing (Beguin, 1983). Crude 
protein extracts samples were run alongside a molecular weight marker (150, 100, 75, 50, 35, 
25 and 15 kDa) which was cut off after re-naturation and stained with Coomassie blue-250. 
These markers were used to plot a standard curve (distances migrated versus molecular 
weights) to estimate the molecular weight of the unknown active cellulase bands.  
 
6.2.8 Statistical analysis 
 
In vitro enzyme specific activities estimates derived from H, WB, ZB, N1, N2, N3 and N4  
were analysed using the general linear model of SAS (2002). 
Yij = µ + Ei + ej 
Where Y is the individual observation, µ is the overall mean, E is the effect of the inoculum 
source and e is the random variation. 
 
6.3 Results 
6.3.1 Enzyme assays 
 
Exocellulase, endocellulase and hemicellulase specific activities were higher (P < 0.001) in 
the in vitro cultured microbial ecosystems than in the fresh microbial ecosystems (Table 6.2). 
For exocellulase enzymes, N1, N2, and N4 had the highest specific activities followed by H1 
with intermediate activity. Exocellulase specific activity was also relatively high in N3, WB1 








Table 6.2 The specific activities of exocellulase, endocellulase and xylanase of crude protein extracts from 







Exocellulase          
   (µg glucose/mg) 
CW 38.0 ± 2.34 2.9 ± 0.01 1.8 ± 0.02 
mH 30.0 ± 2.14 5.9 ± 0.05 4.5 ± 0.07 
H 46.3 ± 3.11 6.4 ± 1.00 5.4 ± 0.20 
WB 8.0 ± 2.01 3.7 ± 0.10 3.2 ± 0.06 
ZB 43.5 ± 4.10 5.9 ± 0.14 4.4 ± 0.30 
CW1 83.2 ± 1.21 78.6 ± 2.11 68.2 ± 3.00 
mH1 75.4 ± 1.66 83.3 ± 3.01 94.9 ± 3.08 
H1 98.3 ± 1.90 92.7 ± 2.31 141.8 ± 9.03 
WB1 57.3 ± 5.76 72.6 ± 0.45 90.5 ± 2.67 
ZB1 88.8 ± 1.53 89.2 ± 2.11 107.1 ± 0.04 
N1 81.4 ± 1.17 87.8 ± 4.57 163.1 ± 6.67 
N2 104.5 ± 2.62 77.7 ± 2.65 162.6 ± 2.73 
N3 68.6 ± 2.85 80.5 ± 0.53 98.1 ± 2.76 
N4 183.1 ± 4.74 108.5 ± 4.11 160.9 ± 9.33 
P-value 0.001 0.001 0.001 
±SE=standard error 
 
Endocellulase activity differed (P < 0.001) among the microbial ecosystems with systems N4, 
H1, ZB1, N1 recording the highest specific activities. Systems N3, N2, WB1, mH1 and CW 
were intermediate in their endocellulase specific activities while enzyme activities were lower 
for the fresh microbial ecosystems. Hemicellulase activity varied among the microbial 
ecosystems. System N4 recorded the highest hemicellulase activity while N2, H1 and ZB1 
were intermediate. Hemicellulase specific activities were much lower in the fresh systems than 
in the rest of the cultured systems. 
 
6.3.2 SDS-PAGE analysis 
 
SDS-PAGE demonstrated that all the CPZ extracts from the different microbial ecosystems 
contain proteins of diverse molecular weights. These CPZ contain numerous proteins bands 




























Figure 6.1  Coomassie stained Laemmli reducing and non-reducing 10% SDS-PAGE monitoring the 
presence of proteins in crude protein extracts from different microbial ecosystems. 6.1 A, B and C are 
reducing SDS-PAGE while D, E and F are non-reducing SDS-PAGE. mwt=molecular weight markers (150, 100, 
75, 50, 35, 25 and 15 kDa), fresh crude protein extract were from cow (CW),  horse (H), miniature horse (mH) 
,wildebeest ( WB)  and  zebra (ZB) while cultured crude protein extracts were from CW1, H1, mH1, WB1, ZB1, 
N1 (H+WB), N2 (H+ ZB), N3(WB+ZB) and N4 (H+WB+ZB).  
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The quantity of each protein in the fresh CPZ was much smaller compared to those of the 
cultured ecosystems. This was demonstrated by the prominent protein bands observed in 
cultured CPZ (Figure 6.1A and D) than fresh CPZ (Figure 6.1 B, C, E and F).  
 
Specific protein abundance was variable in the different microbial ecosystems Figure 6.1 C 
(30, 48, 50 and 91 kDa), Figure 6.1 B (30, 40, 50, 70, 75 and 80 kDa), Figure 6.1E (30 and 38 
kDa) and figure 6.1F (75 and 85 kDa). 
 
6.3.3 Cellulase zymography 
 
All nine CPZ extracted from in vitro microbial ecosystems exhibited carboxymethyl cellulase 
(endocellulase) activities as demonstrated by the clear zones (caused by digestion of CMC on 
gels) observed on the zymograms (Figure 6.2). One major (216 kDa) activity bands was 
observed in all the CPZ from fresh systems (Figure 6.2A). Besides protein 216 kDa, the 
protein 180 kDa also exhibited a higher endocellulase activity in WB and ZB. There were 
many other active bands on the gel that were too small to be captured by the photographic 
equipment available. These clear bands were read and reported on Table 6.3A. The active 
band of molecular weight 216 kDa was common in CPZ from all the cultured systems. The 
enzyme of 191 kDa was present in all the combined systems (Figure 6.2C) including H1 
(Figure 6.2B). Not all bands in the cultured systems were captured by the camera. These 
active bands were read and reported on Table 6.3A and B. The total number of active proteins 
bands varied among the nine microbial ecosystems. Cultured microbial ecosystems CPZ had 
more active cellulases than fresh CPZ. In fresh CPZ, the number of active CMCases was 10, 
7, 6, 5 and 5 for ZB, CW, WB, mH and H, respectively. In the cultured systems, the highest 
number of CMCases was found in N1 (16) and followed by N3, N4, and mH with 14 


























Figure 6.2 Zymograms of cellulase activities from crude protein extracts of nine in vitro microbial 
ecosystems on Laemmli non-reducing polyacrylamide gel electrophoresis. Endocellulases (Carboxymethyl 
cellulase) activities detected on non-reducing polyacrylamide gels containing 1% CMC (6.2 A, B, C). The wells 
were loaded with crude protein samples (10µg/5µl) extracted from both fresh (CW, H, mH, WB, ZB) and 
cultured (CW1, H1, mH1, WB1, ZB1, N1, N2, N3 and N4) microbial ecosystems and incubated for 48 h at 38°C. 
The gels were stained with  Congo red (Beguin, 1983) and rinse with 5% acetic acid which changed the 
background to blue-black for easy photographing. The molecular weight marker (mwt) were stained with 
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216 216 216 216 216 216 216 216 216 216 
175 165 175 124 180 185 185 191 206 165 
124 124 150 74 165 180 175 175 195 155 
119 119 135 48 150 175 165 165 185 150 
114 48 48 48 99 150 155 150 175 135 
74 - - 38 74 145 150 145 160 124 
23 - - - 58 124 145 124 150 114 
- - - - 48 114 135 109 145 99 
- - - - 18 99 124 104 135 74 
- - - - 3 84 104 99 124 64 
- - - - - 74 99 74 64 58 
- - - - - 64 74 64 23 48 
- - - - - 33 53 48 - - 
- - - - - 23 48 18 - - 
- - - - - 18 - - - - 
 
 Table 6.3 B. Apparent molecular masses of cellulase enzymes from crude protein extracts of four in vitro 
microbial ecosystems 
Enzyme Enzyme source 





216 216 216 216 
195 191 191 201 
191 170 185 191 
175 150 175 175 
170 124 150 165 
156 114 135 160 
150 99 114 150 
135 74 109 135 
124 53 74 124 
74 48 48 99 
69 23 33 94 
64 6 13 74 
59 - 6 64 
48 - 3 23 
33 - - - 
23 - - - 
10 - - - 




This study was designed to investigate the presence and variation of cellulases in 5 in vitro 
herbivore microbial systems (CW, H, mH, WB and ZB) and their survival in combined 
microbial ecosystems (N1, N2, N3, and N4). The results from this study were also going to 
provide more evidence to explain the variation of cellulase activities within and among 
herbivore microbial ecosystems examined in the previous chapters. All CPZ extracts were 
active as demonstrated by their exocellulase, endocellulase and hemicellulase activities when 
incubated with their specific substrates at optimum pH.  
 
Separation of crude protein extract on both reducing and non-reducing SDS polyacrylamide 
gels was successful after staining with Coomassie blue G-250 but did not form prominent 
bands that could be captured by the camera at our disposal. The lack of prominent bands on 
the gels was due to low individual protein quantity since CPZ extracts contain numerous 
proteins and only a limited amount can be loaded on the gels at a time (10 µg). Using a more 
sensitive method (Silver stain) to make these bands more visible failed as the whole gel turned 
black due to numerous protein bands (Oakley et al., 1980). However, the protein bands were 
more prominent for cultured CPZ than fresh. This was probably due to the absence of 
endogenous protein contamination in cultured systems where cellulolytic protein 
concentrations were being enriched on MS and LC feed. The total number of active CMCases 
on fresh CPZ (CW, H, mH, WB and ZB) was less than those observed in cultured CPZ (CW1, 
H1, mH1, WB1 and ZB1). The lack of these CMCases in fresh CPZ was probably due to 
smaller quantities of these specific enzymes than their absence. Therefore, clear band 
formation on the gels might have been limited by smaller quantities of specific proteins on 
gels given the time of incubation. These results show that where cellulase enzyme purification 
methods are limited, the application of cultured CPZ extracts for enzyme assays and 
identification would be preferred to fresh CPZ. 
 
The number and type of cellulases (CMCases) vary within and among herbivores species 
grazing on the same field. Seven of the proteins bands (216, 175, 150, 145, 124, 99 and 74 
kDa) with CMCase activities were common in CW, H and mH grazing on the same field while 
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the remaining 13 cellulases were either present in one or two of the three animals. Five of the 
proteins (216, 150, 124, 99 and 74 kDa) with CMCase activities from herbivores in the wild 
were also found in the domesticated herbivores (CW, H and mH). The following proteins with 
CMCase activities; 206, 195 and 58 kDa were unique for herbivores in the wild. However, the 
rest of the CMCases found in WB and ZB were either present in CW and mH or H alone. 
Metagenomic studies of bovine rumen microflora by Ferrer et al. (2005) revealed nine active 
endo-beta-1,4-glucanases less than observed in our study. This implies that crude method 
screening is very important to approximate the different types of active enzymes available 
prior to purification and expression.  
 
The combined microbial ecosystems exhibited CMCase activities as clear bands on 
zymograms. Clear bands on zymograms are evidence of CMC digestion as previously 
established by other researchers (Kim et al., 2009). Apart from N2, the total number of 
proteins with CMCases activities in N1, N3 and N4 were higher than those of the individual 
systems from which they were formed. The systems were ranked according to the number of 
CMCases present as follows; N1>N3>N4>N2. Although system N1 had the highest number of 
CMCases (17), it was formed from individual systems with a combined CMCases number of 
20 which was less than that from which N4 (23), N3 and N2 were formed. The variation in 
cellulase numbers observed in this study goes a long way to confirm the diversity of enzyme 
and microbes in the same or different microflora (Ferrer et al., 2005; Wang et al., 2009; Duan 
and Feng, 2010). Nine CMCases from the individual systems H1 and WB1 were absent in N1. 
There is likelihood that the expression of these missing enzymes might have been inhibited by 
other microbes in the systems during colonization of the different ecological niches. It is also 
possible that these enzymes might still be there but in smaller quantities (not detected on the 
gels) if they are not being expressed by the dominant microbes in the ecological systems. 
There is also a possibility of proteolysis by the dominant microbial species hence reducing the 
total quantity of such proteins (Morgavi et al., 2000; Morgavi et al., 2001).  
 
The combined microbial ecosystems N1, N2, N3, and N4 were found with 5, 4, 5 and 2 new 
CMCases respectively, which were not visible on the individual systems zymograms from 
which they were formed. These new enzymes may be coming from microbes which might 
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have proliferated to become dominant in the new system conditions that were probably 
lacking in the previous individual ecological system. It is also possible to suggest that these 
enzymes might have been there but in smaller quantities unable to form clear bands on the 
zymograms given the incubation time.  
 
The molecular weights of proteins with CMCase activities in this study were ascertained 
online (UniProtKB/Swiss-Prot, 2011) to verify their presence on protein data bases. Almost all 
the CMCases were matched with cellulases of the same or similar molecular weights with 
protein names as cellulases or endoglucanase or endocellulase (with CMCase activities). 
These matching proteins were mainly from ruminant or hindgut microbes. Some of the 
proteins with CMCase activities (3 and 6 kDa) were not found online from rumen or hindgut 
microbes but were available from other sources (Jauris et al., 1990; Waksman, 1991; 
Bronnenmeier et al., 1997; Clarke et al., 1997). Therefore, more research is required to 
establish these proteins as novel CMCases. The molecular weight of cellulases isolated from 
rumen or hindgut microbes ranges from 9 to 160 kDa online. This, therefore, calls for an 
explanation of the proteins bands that were greater than 150 kDa observed with CMCase 
activities (175, 180, 191, 185, 206 and 216). These proteins of higher molecular weights with 
CMCase activity were suggested to be cellulosomes (complexes of cellulolytic enzymes). This 
was confirmed after comparison with a databse (UniProtKB/Swiss-Prot, 2011) and identifying 
cellulosomes with similar molecular weight (Ahsan et al., 1996; Najmudin et al., 2006). 
However, some cellulosomes were found with molecular weights lower than 150 kDa (Gal et 
al., 1997). With the results obtained from zymography, it is possible to conclude that all the 
proteins that formed clear bands on the zymogram had CMCase activities but could not 
conclude that each clear band was a CMCase or cellulosome enzyme. These call for more 




This study shows that all seven in vitro microbial ecosystems were active as demonstrated by 
their carboxymethyl cellulase activities. Cellulases activities on zymograms are better studied 
with cultured than fresh inocula as culturing increases specific protein concentration. CMCase 
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expressions vary within and among animal species grazing on the same field. CMCase 
enzymes were higher in CW than mH and H grazing on the same field. Wildebeest and ZB did 
not differ in terms of the numbers of CMCases expressed but varied with the types of 
CMCases expressed. Transinoculation was possible as indicated by the activeness of the 
combined microbial ecosystems. The combined systems were ranked according to the number 
of cellulases they retained as follows; N1>N3>N4>N2.  Because of the variation of cellulases 
within animal and among animal species and the possibilities of transinoculation, identifying 
novel enzymes from the wild could be beneficial in animal production as feed additives. 
Although four proteins of apparent molecular weights 206, 216, 6 and 3 kDa exhibiting 






























These experiments were conducted to evaluate the effect of direct-fed microbials (faecal inoculum 
from; N1 (horse + wildebeest, 1:1 ratio) and N3 (wildebeest + zebra, 1:1 ratio)) on maize stover (MS) 
degradation, ruminal fermentation characteristics and cellulase enzyme profile. In experiment 1, six 
fistulated male Marino  sheep (44±1.5 kg) receiving 1.3 kg of MS and lucerne (1:0.3 ratio), mineral 
block and water ad libitum, were randomly assigned to two groups of three sheep (control and 
treatment). The treatment groups were dosed with 50 g faeces (on collection day) or 50 ml (cultured 
faecal inocula) of N1 every 3.5 d through the fistula. After 15 days of adaptation, the degradation 
characteristics of MS were measured by incubating 3g in nylon bags for 96, 72, 48, 24, 12, 9, 6 and 3 h 
in the rumen of the sheep. Rumen fluid was analysed for ruminal fermentation characteristics (pH, 
short chain fatty acids (SCFA), CO2, CH4) and cellulase enzymes (exocellulase, endocellulase and 
hemicellulase). In experiment 2, experimental animals, feeding and the adaptation period were the 
same as in experiment 1 but for the inoculum (N3). Exocellulase and endocellulase specific activities 
(µg glucose/mg) increased (P<0.05) in N1 (1.1 and 1.8 fold) and N3 (1.3 and 1.5 fold) compared to its 
controls whereas hemicellulase specific activities (µg xylose/mg) were lower in both N1 and N3. Feed 
dry matter intake (DMI) increased (P<0.03) in N1 but tended to increase (P=0.083) when inoculated 
with N3. No significant differences were observed for the following degradation parameters of MS; 
washing loss (A), insoluble but degradable fraction of MS (B), rate of degradation of B (C), potential 
degradability and effective degradability in both N1 and N3 after 96 h. Although total SCFA and 
propionic acid were relatively higher in N3 than the control, the differences were not significant. 
Interestingly, both CH4 and CO2 were relatively lower in both N1 (3 and 1.9%) and N3 (9 and 1.9%), 
respectively. These results show that, direct-fed microbials from N1 and N3 increased cellulase activity 
with the potential of increasing MS degradation and DMI. Optimization of such systems can improve 
livestock production at a reduced feed cost as the method is cheaper and will be readily available to all 





Most rumen microbial studies are geared towards the improvement of fibrous feed utilization, 
animal production and performance, animal health and feed safety (Seo et al., 2010). 
Numerous feed additives such as enzymes, antibiotics, probiotics and prebiotics have been 
used to manipulate the rumen microbial ecosystem and its fermentation characteristics (Titi 
and Tabbaa, 2004; Chaucheyras-Durand et al., 2008; Chaucheyras-Durand and Durand, 2010; 
Silva et al., 2010; Antonio Facchini et al., 2011; Yang et al., 2011). Exogenous fibrolytic 
enzymes hold a lot of promise as means of increasing forage utilization, milk production, 
average daily weight gain and improving the productive efficiency of ruminants (Lee et al., 
2000; Wang and McAllister, 2002; Antonio Facchini et al., 2011; Nagpal et al., 2011; Yang et 
al., 2011) but limited by their hydrolysis in the rumen environment (Lee et al., 2000; Peters et 
al., 2010). However, some studies demonstrated little or no significant changes in the 
fermentation parameters measured when supplemented with enzymes (Peters et al., 2010). As 
the use of antibiotics in ruminant feeds has been banned, supplementing fibrous forages with 
probiotics (microbes or direct-fed microbials) that can survive in the rumen could be a better 
approach. If the microbes can colonize and establish (gain stability) in the rumen, then 
fibrolytic enzyme expression would be continuous. This could probably be a better approach 
compared to enzyme additives that are usually not cost effective in livestock production 
systems.  
 
Probiotics (direct-fed microbials) were primarily introduced in herbivore research as 
therapeutic agents. There are many studies illustrating the therapeutic potential of direct-fed 
microbials (DFM) e.g. the treatment of goats that were excreting mimosine toxic by-products 
(3-hydroxy-4 (1H) pyridone) (Palmer et al., 2010), ruminants suffering from acidosis (Fonty 
and Chaucheyras-Durand, 2006; Chaucheyras-Durand et al., 2008; Chiquette, 2009; 
Maldonado et al., 2011), oxygen toxicity (Newbold, 1996), animals suffering from diarrhoea 
caused by enterotoxigenic Escherichia coli K88 (Setia et al., 2009) and gastrointestinal 
nematodes infections in lambs (Eysker et al., 2006). In ruminant nutrition DFM have also been 
applied to maximize forage utilization and enhance production efficiency (Beauchemin et al., 
2006). The different digestibility measurements which have shown marked increased upon 
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supplementation with DFM includes, milk production (Nocek et al., 2003; Stella et al., 2007), 
average daily weight gain (Aydin et al., 2009), final weight (Adams et al., 2008), dry matter 
intake (Nocek et al., 2003; Stella et al., 2007; Sehgal et al., 2008; Aydin et al., 2009), total 
microbial population (Martin and Nisbet, 1992; Lee et al., 2000), fibre utilization and fibre 
digestibility (Lee et al., 2000; Guedes et al., 2008; Sehgal et al., 2008; Stephens et al., 2010) 
and animal performance (Cruywagen and van Zyl, 2008). However, some studies did not 
observed any significant change in their digestibility parameters when supplemented with 
DFM (Arcos-García et al., 2000; Elam et al., 2003; Yang et al., 2004; Lee and Seo, 2005; 
Raeth-Knight et al., 2007).  
 
Although a few experimental studies on DFM supplementation did not improve forage 
utilization in ruminants, many others have shown that DFM have the potential of improving 
fibre digestibility. That is why this study will be investigating the effect of DFM from three 
herbivores (horse, wildebeest and zebra) on maize stover (MS) fermentation in sheep. The 
novelty of this study is the application of crude microbial inocula (containing bacteria, 
protozoa and fungi) for inoculation compared to pure and specific microbial strains utilised in 
most studies (Angeles et al., 1998; Nocek et al., 2002; Lee et al., 2004; Mwenya et al., 2005; 
Wang et al., 2005; Nocek and Kautz, 2006; Jin et al., 2007; Hagg et al., 2010). In our previous 
studies 11 herbivore microbial ecosystems were scanned in search of potential fibrolytic 
ecosystems of which the horse, wildebeest, zebra and elephant showed the highest enzyme 
specific activities (Fon, 2006). Combined enzyme systems were created from these animals 
and their in vitro fibrolytic enzyme and fermentation potential, using MS as a substrate was 
investigated. The results obtained from the in vitro study showed that the combined microbial 
ecosystems N1 (horse + wildebeest) and N3 (wildebeest + zebra) holds a lot of promise in 
improving forage utilization in herbivores. The objective of this study was to investigate the in 
vivo effect of DFM from N1 (H+WB) and N3 (WB+ZB) on ruminal fermentation of MS in 
sheep. It was hypothesized that in vitro transfer of DFM from N1 and N3 would increase MS 








Enzyme assay substrates were carboxylmethyl cellulose sodium salt (CMC) from FLUKA 
Bichemica (Germany), crystalline cellulose (powder) from ALDRICH® (Germany) and xylan 
from beech wood (high grade) from SIGMA (USA). Phenylmethylsulfonyl fluoride (PMSF), 
D-(+)-xylose and D-(+)-glucose were chemicals from Sigma (USA). Polyethylene glycol 20 
000 (PEG 20 000) from MERK Laboratory supplies, South Africa and 3, 5-Dinitrosalicylic 
acid from FLUKA (Switzerland). All the other common chemicals such as glacial acetic acid, 
sodium azide and ethylene diamine tetra acetic acid (EDTA) were bought locally from Capital 
Supplies, South Africa. Maize stover and lucerne were bought locally. Dialysis tubing 
cellulose membrane (10 000 molecular weight cut-off) was from sigma-Aldrich. All spectral 
scans were carried out with Virian Scan 50® Bio UV-Visible spectrophotometer from Varian 
Australia Pty (Ltd), Australia. 
 
7.2.2 Experimental diet, animals and design 
7.2.2.1 Feed composition 
Table 7.1 Feed compositions for in vivo fermentation study 
Feed composition Mass of nutrient  (g/kg) 
Maize stover 769 
Lucerne 231 
Mineral block  
        Calcium 120 
        Phosphorus 60 
        Sulfur 35 
        Magnesium 30 
        Manganese 1.2 
        Copper 0.3 
        Cobalt 0.003 
        Iron 0.75 
        Iodine 0.015 
        Zinc 1.2 
         Selenium 0.003 
Total crude protein 87 
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Maize stover and lucerne (ground through a 5 mm sieve) as a supplement were from the 
Ukulinga Research farm, University of KwaZulu-Natal, Pietermaritzburg. The feed was 
formulated as shown on Table 7.1. The mineral block (of molasses base, from Voermol Feed 
Maidstone, Kwazulu-Natal, SA) was richer in calcium, phosphorus, sulfur and magnesium.  
 
7.2.2.1.1 Chemical composition of feed 
 
The rationed feed (comprised of MS and LC in a ratio of 1:0.3) was ground through a 2-mm 
sieve and DM determined after drying for 24 h at 60°C. The micro-Kjeldahl method was used 
to determine nitrogen and crude protein (CP) calculated as  N x 6.25 according to AOAC (Ref. 
S585.A8) (1990). Neutral detergent fibre (NDF), acid detergent fibre (ADF) and acid 
detergent lignin (ADL) were determined as described by Van Soest et al. (Van Soest et al., 
1991) using the ANKOM Technology Method. Hemicellulose was the difference between 
NDF and ADF while the difference between ADF and ADL was cellulose. Maize stover (MS) 
chemical composition was analysed as previously described in chapter 3 (section 3.2.1).  
 
7.2.2.2 Experimental animals, feeding and experimental design  
 
For microbial inoculum preparation, samples (faeces) were collected in winter from the 
following animals; horses (H), wildebeests (WB) and zebras (ZB) with no preference to sex.  
Equus caballus (H) was from the Ukulinga Research farm, University of KwaZulu Natal, 
Pietermaritzburg. Equus quagga boehmi (ZB) and Connochaetes taurinus (WB) were 
available in the Tala Game Reserve, Umbumbulu, KwaZulu-Natal (SA). The ZB and WB 
were grazing on a dry land in an open field where Pennisetum clandestinum (Kikuyu grass) 
standing hay and other fibre-rich grasses were dominant. Although the H was grazing on a dry 
land in an open field where Kikuyu grass standing hay and other fibre sources were dominant, 
they were supplemented with hay while in pens. 
 
For in sacco digestibility studies, six fistulated male Merino sheep (from Ukulinga Research 
farm, University of KwaZulu-Natal) with an average mass of 44 (SD = ± 1.5) kg were used. 
These animals were divided into two groups of three (control and treatment animals) separated 
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by a distance of 20 m. These animals were housed in individual pens (230 x 203 cm) and fed 
at ad libitum. Each sheep was fed a total of 1.3 kg feed (Table 7.1) per day (0.8 kg and 0.5 kg 
at 8:00 and 15:30, respectively). Each sheep was given a 12 kg mineral block of trace 
elements as indicated on Table 7.1 at the start of the experiment. The mineral block residue 
was only weighed at the end of the trial. Water was provided ad libitum. The pens were 
shaded and properly ventilated. The animals were fed for a total of 21 days which 
incorporated 15 days of adaptation and 6 days of sample incubation and collection period. All 
animals were treated for internal parasites before experimentation. All animals‘ treatments 
were governed by the UKZN ethical roles (083/10/Animal). 
 
7.2.3 Faecal collection and inocula preparation 
 
Faeces were collected on farm within 2 min of defecation from H, ZB and WB before 
transferring into an airtight thermo flask (38°C) which had been flushed with CO2.  While in 
the laboratory, 300 g of faeces was mixed with 300 ml of warm incubation buffer (buffer C, 
chapter 3, section 3.2.3) and mixed thoroughly before squeezing through four layers of cheese 
cloth (pre-warmed and flushed with CO2) to make faecal fluid (FF).  Faecal fluid preparation 
was done in the shortest possible time in order to minimize microbial exposure to oxygen 
since it is anaerobic (Newbold, 1996).  
 
7.2.4 Faecal fluid culturing 
 
 





    H=horse, WB=wildebeest, ZB=zebra, N1= H+WB, N3=WB+ZB, MS=maize stover, LC=lucerne 
 







N1 99:99 402 3:3 
N3 99:99 402 3:3 
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Faecal fluid was cultured in the laboratory for in vivo inoculation of sheep as previously 
described in chapter 3 (Section 3.2.4) with some few modifications. Faecal inocula from the 
H, WB and ZB were used to create two combined microbial ecosystems (CS); N1 (H+WB) 
and N3 (WB+ZB) (Table 7.2). These inocula (198 ml) were incubated with salivary buffer 
(402 ml) containing 6 g of MS and LC (1:1) for 72 h at 38°C. The activeness of these 
microbial ecosystems was determined by monitoring pH changes and gas pressure. After 72 h 
of incubation, the sample fluid for each system was used for inoculating the sheep for in sacco 
digestibility studies.  
 
7.2.5 In sacco degradability and ruminal fermentation  
 
7.2.5.1 Sheep inoculation and in sacco degradability 
 
During the feeding adaptation period as described in section 7.2.2.2 (21 days), only the 
treatment sheep were being dosed with inocula from N1 or N3 at 3.5 d interval. In experiment 
1, three of the six fistulated sheep were dosed (through the fistula) with 50 g of fresh faecal 
matter from N1 while the other three received no treatment (control). After 3.5 d, the sheep 
were dosed again with 50 ml of cultured N1. All inocula (N1) were cultured in the laboratory 
for a maximum of 3.5 d. This implies that after every seventh day of the experiment, fresh 
samples were collected for inoculation and culturing for subsequent inoculation (after 3.5 d). 
After adaptation period, sheep dosing continued at the same interval with the same mass or 
volume till the end of experiment 1. Because of the limitation of fistulated animals only one 
treatment was tested at a time (3 control and 3 treatment sheep). In the second trial 
(Experiment 2), three sheep were dosed with N3 while the other three animals received no 
treatment (control). In experiment 2, the feeding process, inoculation, adaptation, sample 
incubation and collection were the same as in Experiment 1.  
 
In sacco degradability of MS by N1 or N3 supplemented sheep were investigated in this study 
as previously described by Kempton (1980) with slight modifications. In sacco dry matter 
degradability (DMD) of MS was determined by incubating approximately 3.0 g (ground 
through a 3 mm sieve) in nylon bags (41 µm pore size; bag size 6.5 x 14 cm) in the rumen of 
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fistulated sheep. At each incubation period, one nylon bag of MS was suspended in the rumen 
of each sheep through the fistula. Sequential addition method was adopted for sampling with a 
maximum number of 10 bags per sheep. All the bags were withdrawn from the rumen after 
incubating for 96, 72, 48, 24, 12, 9, 6 and 3 h. The incubated bags were thoroughly washed 
under running tap water until no coloured liquid could be extruded before transferring into a 
washing machine (Hoovermatic, model T4350, South Africa) for a final wash. In the washing 
machine, the incubated bags were washed (5 x 3 min) together with three nylon bags 
(containing 3.0 g of MS) that were not incubated in the rumen to determine the washing 
losses. After washing, the bags were dried for 2 d at 60°C, cooled in a desiccator and weighed. 
The degradability at each time interval was calculated by taking the mean value obtained from 
the set of bags as well as for the zero hour.  For each incubation time, one bag (two for 24 and 
48 h) was incubated in each animal for each treatment (control, N1 or N3) that was replicated 
thrice per treatment. The degradability (Y) of MS at time (t) was estimated by using the non-
linear curve proposed by McDonald (1981) and modified by Dhanoa (1988): 
 
Y = A + B (1-e
-C*(t-lt)
)…………………………………….………………..equation 7.1 
PD = A + B………………………………………………………………..equation 7.2 
ED = A + B*C/(C + 0.03) ………………………………………………...equation 7.3 
where Y= disappearance of DM at time (t), A= readily soluble fraction of MS (washing loss), B = 
insoluble but degradable fraction of MS,  C= rate of degradation of B, lt = lag time, PD= potential 
degradability, ED= effective degradability and 0.03 h
-1
 was the assumed passage rate (kp) as 
determined by Bonsi et al. (1994)  and Nsahlai et al. (1998). 
 
7.2.5.2 pH and short chain fatty acid measurements 
 
For pH measurements, rumen fluid (RF) was collected from each sheep on day 20 at the 
following times: 0, 3, 6, 9, 12 and 21 h. The pH of these samples were determined on-farm 
after which 5 ml was acidified in 1 ml of 25% (v/v) metaphosphoric acid solution (to stop 
microbial activity) and stored in ice (Cottyn and Boucque, 1968). The samples were stored in 
ice for a minimum of 30 min (to precipitate contaminating proteins) or in the freezer until 
when required for analysis. After centrifugation (8000 x g, 20 min at 4°C), the filtrate (2 ml) 
was filtered through a syringe filter (0.45 µm pore from SUPELCO, USA) into a 2 ml clear 
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ABC Screw Top Vial from SUPELCO, USA. The vials were then transferred into an 
automatic sampler (HT280 from Brescia, Italy) linked to a Gas Chromatograph (YL6100GC, 
Young Lin, Korea) for analysis. A temperature-programmed cycle from 90 to 120°C rising by 
5°C was applied in the column (BPX70x30x0.25x0.25). The injector block temperature was 
maintained at 260°C with nitrogen as the carrier gas (60ml/min).  Hydrogen and air flow rate 
to the detector (flame ionization detector) were 60 and 300 ml/min, respectively.  The 
injection volume was 1 µl/split 1:80. The molar concentrations of SCFA were determined 
from a linear curve of standards (acetic acid, propionic acid, n- and iso-butyric acid and 
valeric acid) that were run together with the samples. For pH and SCFA measurements, RF 
was collected once for each animal at different time intervals per treatment that was replicated 
thrice. 
 
7.2.6 Rumen fluid collection, crude protein extraction and cellulase enzyme assays 
 
Cellulase enzyme assays were carried out to monitor the fibrolytic enzyme activity of each 
supplemented systems. Rumen fluid was collected from each sheep per treatment (control, N1 
and N3) and the crude proteins were precipitated using 60% ammonium sulphate (section 
3.2.5), dialyzed overnight (section 3.2.6) and protein concentrations determined (section 
3.2.7). 
 
Exocellulase, endocellulase and xylanase specific activities were determined by incubating 
with crystalline cellulose, carboxymethyl cellulose and xylan, respectively, as described in 
chapter 3 (section 3.2.8). Reducing sugars liberated from the different enzyme assays were 
measured as previously described by Miller (1959) (section 3.2.9).  Enzyme specific activity 
was defined as µg of reducing sugar/mg crude protein. Each sample (N1 or N3) was replicated 





7.2.7 Statistical analysis 
 
The results from cellulase enzyme activities and MS degradability estimates derived from RF  
and in sacco degradability were subjected to analysis of variance (ANOVA) using the general 
linear model of SAS (2002). The model was: 
Yij = µ + Ti + eij 
Where Yi is the individual observation, µ is the overall mean, Ti is the effect of the treatment 
(N1 or N3) and e is the random variation.  
 
7.3 Results 
7.3.1 Chemical composition of whole maize stover and rationed feed 
 
Chemical analyses of diet and whole maize stover showed that DM and CP tended to be 
higher in feed than whole MS (Table 7.3). Hemicellulose, cellulose, NDF, ADF and ADL 
tended to be higher in whole MS than feed.  
 
Table 7.3 The chemical composition of feed and whole maize stover 
Feed constituents 
Chemical composition  (g/kg DM) 
Feed (MS:LC) Whole maize stover 
DM 935 925 
      NDF 723 878 
      ADF 447 543 
      ADL 60 73 
      Hemicellulose 276 335 
      Cellulose 387 470 
      Crude protein 87 56 
 MS:LC=maize stover and lucerne mixed in 1:0.3 ratio, DM=dry matter of feed,  
 NDF= neutral detergent fibre. ADF= acid detergent fibre and ADL = acid detergent lignin.  
 
7.3.2 Daily feed intake of sheep 
 
The mean feed (dry matter and organic matter (OM)) and crude protein (from OM) intakes are 
presented in Table 7.4. Sheep that were inoculated with microbes from N1 consumed more 






















































inoculated with N3 tended to increase DMI and OMI. The results also showed that crude 
protein intake were higher (P<0.03) in N3 animals compared to its control whereas crude 
protein tended to increase in N1 compared to its control. 
 










 OM= organic matter 
 
7.3.3 Degradability characteristics of whole maize stover 
 
 
Figure 7.1 Effect of source of inoculum on dry matter disappearance of whole maize stover. Where A 
represents experiment 1 and B represents experiment 2, N1= Sheep supplanted with microbes from wildebeest 




Feed intake (g/day) 
Dry matter Organic matter Crude protein (OM) 
Experiment 1    
      Control 1045 934 83 
      N1 1161 1043 92 
      SED 22 21 3 
      P-value 0.03 0.03 ns 
Experiment 2    
      Control 966 863 90 
      N3 1064 957 100 
      SED 33 31 2 




The mean in sacco DM degradability and degradability parameters of MS in experiment 1 and 
2 are presented on Figure 7.1 and Table 7.5. The washing loss (A), insoluble but degradable 
fraction (B) and potential degradability (PD) of MS DM did not differ between the treatment 
and the control in both experiments (1 and 2). The rate (C) of degradation of B by N1 and N3 
tended to be higher than that of its controls (Table 7.5). No significant difference was 
observed for effective degradability (ED) between N1 or N3 and its controls (in experiment 1 
and 2). The lag time (lt) did not differ between N1 and N3 and its controls. 
 
Table 7.5 Effect of source of inoculum on dry matter degradation parameters of whole maize stover 
Maize stover 
Degradability 
Experiment 1 Experiment 2 
Ctrl 1 N1 SED P-value Ctrl2 N3 SED P-value 
A (g/kg  DM) 
231 231 0 ns 231 231 0.0 ns 
B (g/kg  DM) 




0.044 0.047 0.004 ns 0.047 0.054 0.0101 ns 
PD (g/kg  DM) 
790 787 6 ns 776 775 14.5 ns 
ED (g/kg  DM) 
563 570 11 ns 564 570 11.3 ns 
lt (h) 
0.1 0.4 0.31 ns 0.5 0.7 0.30 ns 
 A= washing loss, B = insoluble but degradable fraction of MS, C= rate of degradation of B, lt = lag time, PD= 
(A+B)= potential degradability, ED= effective degradability, Kp = 0.03 h
-1 
(Nsahlai et al. 1998),  N1= Sheep 
supplanted with microbes from wildebeest and zebra, N3=sheep supplemented with microbes from wildebeest 
and zebra. 
  
7.3.4 Short chain fatty acid, carbon dioxide, methane and  pH changes  
 
The mean production of total SCFA, SCFA molar proportions and the gases calculated from 
the fermentation products of MS when supplemented with direct-fed microbials (from N1 or  
N3)  are presented on Table 7.5 while the fermentation pattern with time for these products are 
presented on Figure 7.2.1, 7.2.2 and 7.2.3. The total SCFA, acetic acid and CH4 produced by 
N1 at different time intervals were lower (P<0.05, P<0.05 and P<0.05 respectively) than those 
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observed in the control while differences were quite small for these parameters between N3 
and the control (Table 7.6, Figure 7.2.1 and 7.2.3). Total SCFA was highest for N3 at 3 h post 
feeding and lowest at 9 h pre-feeding. The molar ratios of propionic acid, n-butyric, iso-
butyric acid, iso-valeric acid and CO2 were not different between N1 and the control (Table 
7.6, Figure 7.2.1 and 7.2.2). Iso-butyric acid and iso-valeric acid were highest before feeding. 
No significant differences were observed between N3 and the control for the following 
parameters; iso-butyric acid, iso-valeric acid and CO2 measured at different time intervals. 
Methane production by system N3 was lower (P<0.05) than that of the control. Methane 
production by N3 was lowest after 6 h of incubation. The mean pH measurements for both N1 
and N3 showed no differences when compared with its respective controls (Table 7.6). The 
pH measurements over time showed a steady drop with time until the 12
 
h (Figure 7.2.3).  
 
 
  Table 7.6 Effect of source of inoculum on mean production of short chain fatty acids and gases from 
maize stover fermentation 
Fermentation 
Parameters 
Experiment 1 Experiment 2 
Ctrl1 N1 SED P-value Ctrl2 N3 SED P-value 
Short chain fatty acids 
Total SCFA (mM) 51.4 45.5 1.75 0.05 60.7 65.0 1.98 ns 
Molar proportions 
Acetic acid 0.74 0.71 0.003 0.05 0.69 0.70 0.003 ns 
Propionic acid 0.19 0.21 0.001 ns 0.18 0.22 0.008 ns 
n-Butyric acid 0.06 0.07 0.001 ns 0.10 0.08 0.006 ns 
Iso-Butyric acid 0.01 0.01 0.001 ns 0.01 0.01 0.001 ns 
Iso-valeric acid 0.01 0.01 0.001 ns 0.04 0.01 0.002 ns 
CO2 0.52 0.51 0.001 ns 0.53 0.52 0.001 ns 
CH4 0.35 0.34 0.001 0.05 0.35 0.32 0.002 0.05 
pH 6.70 6.69 0.055 ns 6.67 6.70 0.090 ns 
   ns=non significant, ctrl=control, N1= Sheep supplanted with microbes from wildebeest and zebra, N3=sheep 

































Figure 7.2.1 Effect of source of inoculum on total short chain fatty acids and molar proportions of acetic 
and propionic acid patterns as a function of time after feeding sheep with maize stover supplemented with 
microbes from N1 and N3.  Where Figure A and B = taotal SCFA, B and C = acetic, D and E = propionate and 






















































































































































































































































































































































Figure 7.2.2 The effect of source of inoculum on the molar proportions of n-butyric acid, iso-butyric and 
iso-valeric acid patterns as a function of time after feeding sheep with maize stover supplemented with 
microbes from N1 and N3. Where Figure I and J = n-butyric acid, K and L= iso-butyric and M and N iso-




























































































































Figure 7.2.3 The effect of source of inoculum on pH, carbon dioxide and methane patterns as a function of 










7.3.5 Activities of cellulases in the different systems 
 
The different cellulase enzyme specific activities (exocellulase, endocellulase and 
hemicellulase) that were tested, varied (P<0.05) among the different experimental systems 
(Controls, N1 and N3). Exocellulase and endocellulase specific activities from N1 and N3 
systems were higher (P<0.0001) than those of its controls (control 1 and control 2 
respectively, Table 7.7). Exocellulases from N3 systems hydrolysed crystalline cellulose more 
than those from N1 and the control systems. Endocellulase activity was highest for N1 than in 
N3 and the control. Hemicellulase activity was most active in the control systems than in N3 
and N1 ecosystems (Table 7.7).  
 










   N1= Sheep supplanted with microbes from wildebeest and zebra, N3=sheep supplemented with microbes from 




7.4.1 Chemical composition of whole maize stover and rationed feed 
 
The whole maize stover feed was supplemented with lucerne in order to meet the nutritional 
requirement for both ruminal microbes and host animals (Aganga and Monyatsiwa, 1999). 
Supplementing MS with lucerne (1:0.3 ratio) decreased the total amount of NDF, ADF, ADL, 
Treatments 







Experiment 1    
Control 1 146 56 96 
     N1 126 102 105 
     SED 4.2 3.3 1.1 
P-value 0.001 0.0001 0.01 
Experiment 2    
Control 2 276 51 184 
     N3 248 75 245 
     SED 6.3 3.2 10.6 
P-value 0.001 0.001 0.001 
 142 
hemicellulose and cellulose by 17.7, 17.8, 17.8, 17.7 and 17.6% respectively. The total 
amount of crude protein in the lucerne supplemented feed increased by 55%. This increase in 
crude protein concentration was associated to the relatively high protein content of lucerne 
which has also been reported in other studies (Aganga and Monyatsiwa, 1999; Dewhurst et al., 
2009).  
 
7.4.2 Feed intake and in sacco degradability of maize stover 
 
 Both DMI and OMI were 11.1 and 11.7 % higher in N3 inoculated sheep whereas crude 
protein tended to increase (9%). Sheep inoculated with N1 increased DMI and OMI by 10.1 
and 10.9% respectively. The result obtained from N1 inoculation are similar to those obtained 
by Nocek and Kautz,  (2006). However, DFM inoculation has been reported as tending to 
increase DMI as observed in N3 inoculation (Tripathi and Karim, 2010; 2011), no effect on 
DMI (Corona et al., 1999) or a decrease in DMI with an increase in the efficiency of fibre 
utilization (Gomez-Basauri et al., 2001). The increasing tendency of DMI was associated to an 
increase in microbial fermentation (increase in cellulolytic microbial population from 
inoculant). 
 
During experimentation, it was noticed that sheep receiving DFM from N1 or N3 was drinking 
more water than the control animals. This was somehow a strange phenomenon as all 
experimental animals were fed and treated the same. An explanation for this increase in water 
consumption was not clear but could be associated to slight increase in feed intake or stimuli 
from N1 and N3 inoculum. An increase in DM intake (DMI) was the most probable reason for 
this increase as other researches have reported an increase in water consumption with DMI 
(Singh et al., 1976; Lautier et al., 1988). Previous research by Abraham et al. (1975) shows 
that water consumption in sheep can be stimulated by intracarotid infusion of angiotensin II. 
Angiotensin (oligopeptide) is a hormone and a powerful dipsogen (ability to increase thirst). 
Inocula stimulation of sheep is possible if any of the oligopeptides secreted by microbes due to 
their interaction resembles angiotensin. The zebra and wildebeest graze in a 30 km game with 
limited water sources. Therefore, oligopeptides mimicking the angiotensin function may exist 
so as to force this animal to return to water sources or increase water consumption when they 
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find a water source. The specific stimuli and animal may not be known but further research 
from this area can be very interesting as water is an essential nutrient for all animals 
(Markwick, 2002).  
 
The washing loss (A) and the degradability of B by systems N1 and N3 were not significantly 
different from that of its control experiments. The washing loss for the controls and that of the 
treatments (N1 and N3) were expected to be the same since the same feed was used (Nurfeta 
et al., 2008). Although the degradability of B by N1 and N3 were not significantly different 
from that of its control, the degradability of B by N3 was 1.08% higher than that of the 
control. The insignificance of B in this study is similar to the results obtained by Paul et al. 
(2004).  They showed that there was no significant effect of gut fungus from wild blue bulls 
on rumen fermentation in buffaloes. Similar results have also been observed in other studies 
(Arcos-García et al., 2000; Lee et al., 2000; Wang and McAllister, 2002; Silva et al., 2010). 
Lack of differences in potential degradability and C in both N1 and N3 were consistent with 
other studies (Lee et al., 2000; Paul et al., 2004). Consequently, ED was not affected by both 
N1 and N3 supplementation probably due to the relatively small increase in the rate of MS 
breakdown.  
 
7.4.3 Rumen fermentation parameters 
 
Total SCFA, acetic acid, propionic acid, n-butyric acid, iso-butyric acid, n-valeric acid, CH4, 
CO2 and pH values agrees with results obtained by other studies (Markwick, 2002; Raeth-
Knight et al., 2007; Chaucheyras-Durand and Durand, 2010; Qiao et al., 2010; Silva et al., 
2010; Nagpal et al., 2011). The total SCFA produced by N1 at different time intervals was 
lower than that observed in the control whereas N3 was similar with the control in total SCFA. 
The decreased in total SCFA observed in N1 was associated to a relatively lower overall 
microbial fermentation and small drop in acetic acid production which is usually the major 
proportion of SCFA (Singh et al., 1976). Changes in pH during incubation were minimal in 
both systems suggesting that both the treatment and control systems were efficiently buffered. 
While there was no difference in CH4 production between N1 and the control, CH4 production 
in N3 was significantly lower than observed in its control experiment. The main reason for 
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this was not clear but could be associated with the increase in propionate production (5.5%) 
hence limiting the quantity of hydrogen available for CH4 production (Lautier et al., 1988; 
Sejrsen et al., 2006). Methane emission is a major environmental concern today as it has been 
associated with global climate change. About 18 % of global warming has been associated 
with CH4 production of which 14% is link to domestic animals. Interestingly, 97% of the 14% 
methane is produce by ruminants (Sejrsen et al., 2006). It was also noticed that CO2 was 
relatively lower in both N1 and N3 systems although their differences (1.9 and 1.2% 
respectively) were not significant. Therefore, screening different microbial ecosystems in the 
wild in search of microbes with both fibrolytic and CH4 reduction potential (N3) would be of a 
twofold advantage (increase production and environmental friendly). 
 
7.4.4 Activities of cellulases in the different systems 
 
Enzyme specific activities for endocellulase and exocellulase were higher in N1 and N3 
compared to its controls. Endocellulase specific activities stimulation was much higher in N1 
(182%) than in N3 (147%). For exocellulase activities, N1 and N3 stimulated an increase in 
enzymes specific activities by 109 and 133 %, respectively. This implies that system N3 has a 
higher potential in hydrolysing crystalline substrate than systems N1. The result obtained in 
this study was similar to those reported in other studies (Abraham et al., 1975; Wang and 
McAllister, 2002; Paul et al., 2004). Chaucheyras-Durand and Fonty (1975) showed that 
exocellulase and hemicellulases specific activities were higher in the DFM systems than its 
controls. This was also seen in the study of Paul et al. (2004) who reported that all cellulase 
enzyme activities were stimulated upon inoculation. However, in this study, hemicellulases 
specific activities were higher in the controls than in N1 and N3. The reason for hemicellulase 
specific activity suppression in N1 and N3 was not clear. Although other studies have shown 
indirect stimulation of cellulase activities by decreasing pathogenic microbes or lactate 
producing bacteria (Maldonado et al., 2011), such effects in this study were not established. 
The results obtained from these enzymes assays demonstrate that microbes from N1 and N3 
have the potential of stimulating both endocellulose and crystalline cellulose hydrolyses in the 
rumen. Although both systems have the potential of improving fibre digestibility, N3 seems to 
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be a better inoculum than N1 due to its relatively high total SCFA, C, ED, and exocellulase 




Inoculating sheep with microbial inocula from N1 (horse and wildebeest) and N3 (wildebeest 
and zebra) increased rumen exocellulase and endocellulase specific activities but not 
hemicellulase activity.  The fibrolytic potential of these rumen microbes were not translated 
into MS degradation. Dry matter intake increased with N1 inoculation while N3 inoculation 
tended to increase DMI. This result demonstrates that administration of microbes from N1 and 
N3 have the potential of improving forage fermentation in the rumen and DMI but may be 
limited by its dosing frequency. Therefore, more research on the dosing frequency and the 
mechanism of action as well as a digestibility study with sufficient animals will be very 





















General discussion, conclusions and recommendations 
 
Livestock contributes about 33% and 16% of the total protein and food energy consumption 
respectively, in human diets globally (Chadd et al., 2002). The demand for meat as a protein 
source could double (233 to 300 million tons) by the year 2020 due to the changing food 
preferences, income growth, urbanization and an increase in population growth (FAO, 2010; 
United Nations, 2010; WHO, 2011). These predictions show a substantial increase in animal 
protein demand, needed to satisfy the growth in the human population and the increasing 
affluence of the emerging economies. The world‘s human population is about 6.8 billion with 
Africa contributing 15% of the population. This population is increasing at a rate of 1.2% per 
year with the highest increase expected to come from Africa. Most African countries rely on 
livestock as a major source of protein because plant sources are scarce and are unevenly 
distributed. This implies that livestock production needs to increase in order to sustain this 
ever increasing human population especially in Africa. Attempts by intensive livestock 
farming to optimize production are facing daunting challenges with the human population in 
competition for food sources. Livestock presently consume almost 50% of world cereal grain 
supplies which is a future problem for the growing human population (Delgado, 1999). 
Therefore alternative sources of feed (crop residues and agro-industrial by-products) for 
domesticated herbivores such as cow, goats, sheep, horses and buffaloes will increase the 
quantity of grains available to humans (Hilali et al., 2011). This is very important in 
developing countries where maize grain is a staple food.  
 
In most developed and developing countries, livestock are fed on forages, crop residues and 
agro-industrial by-products which are often poor in energy, protein and vitamins (Powell and 
Unger, 1998; Krause et al., 2003; Iñiguez, 2011). The actual energy content of these residues 
are high but are locked up in the complex carbohydrate molecules (carbon-hydrogen bonds) 
which can only be unlocked by rumen cellulolytic microbes in ruminants (Bhat, 2000; Vuong 
and Wilson, 2009). Different strategies have been used to improve forage digestibility in 
ruminants with variable results obtained. Examples of these methods include supplementation 
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with foliage or legumes (Undi et al., 2001), concentrates (Izadifard and Zamiri, 2007; 
Cherdthong et al., 2010), urea (Aregheore, 2005; Cherdthong et al., 2011), chemical treatment 
of forages (Chen et al., 2008), specific or composite cellulases (Hristov et al., 1998; Shekhar 
et al., 2010; Yang et al., 2011), specific microbial strains (Paul et al., 2011) and microbial 
inoculum (Singh et al., 1994; 1997; Wanapat et al., 2003).  Apart from enzyme 
supplementation most of these methods work by increasing the rumen fibrolytic microbial 
population either directly or indirectly of which they intend increases fibre breakdown. 
Although some fibrolytic enzymes have been shown to increase fibre breakdown, their 
activities are often limited by rumen proteolytic activity and relatively low stability in the 
rumen (Morgavi et al., 2000). Therefore, microbial inoculation could be a better substitute if 
they can colonize and occupy a specific ecological niche in the rumen. That is why the main 
objective of this study was to scan different ecological systems (both wild and domestic) in 
search of a potential fibrolytic microbial ecosystem that can be manipulated for the 
improvement of rumen fermentation. The different hypothesis were: a) Culturing whole rumen 
or fecal inoculum will increase MS fermentation, b) Microbial fibrolytic activity does not vary 
between H, mH and ZB, c) In vitro microbial fermentation of MS by H, WB and ZB does not 
differ from that of its combined systems, and d) In vivo transinoculation of  N1 and N3 does 
not have an effect of ruminal fermentation of MS in sheep. 
 
8.1 Laboratory cultured faecal inoculum is a better substitute for fresh rumen inoculum 
than fresh faecal inoculum for in vitro feed evaluation  
 
Chapter 3 investigated the management of whole rumen fluid (RF) and faecal fluid (FF) in the 
laboratory by culturing, using very simple laboratory techniques and the application of FF as 
an alternative inoculum for fresh RF. The results from this study confirmed that FF is an 
alternative inoculum for RF, which is in agreement with the results observed by other 
researches (Can et al., 2009). Although most of the in vitro fermentation parameters measured 
and cellulase enzyme activities obtained from fresh incubations with FF were slightly lower 
than those obtained from fresh  RF, the percentage difference  was less than 8%. A similar 
study by Can et al. (2009) showed that the rate of gas production was highest in sheep RF 
whereas the best regression curves within 24 to 48 h were obtained from horse and sheep FF. 
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This suggests that FF can conveniently be used in place of RF in in vitro fermentation studies. 
Culturing FF in the laboratory for 72 h before application in fermentation studies decreased 
the percentage differences observed between cultured FF and fresh RF fermentation 
parameters (TD, C and Total VFA). This suggests that culturing FF inoculum before in vitro 
incubation studies would yield values much closer to those of RF. The novelty of the current 
study is the culturing of whole rumen inocula prior incubation using simple laboratory 
technique which is available to all compared to other methods of preservation (freezing at -20, 
freeze-dried or expensive Rusitec fermenters). A 42 d FF incubation in the laboratory also 
showed that FF cultures were most active within a week although cultures were still alive after 
6 weeks.  The cost often incurred on animal purchases, surgical procedures and everyday 
collection of RF for fermentation studies can be minimized by simply using FF which can be 
preserved for up to 7 d for subsequent inoculations. 
 
8.2 The fibrolytic activity of microbial ecosystems in three hindgut fermenters 
 
Chapter 4 evaluated the fibrolytic competence of microbial ecosystems in faeces collected 
from three hindgut fermenters (mH, H and ZB) grazing in their natural environment in 
summer and winter. Zebra was the most active system, followed by H and lastly mH. The 
differences observed between these hindgut fermenters are suggestive of a fibrolytic 
competence of microbes that had evolved over time rather than changes in microbial 
population. This was demonstrated by the difference in exocellulase activity and endocellulase 
activity observed between mH and H grazing in the same field. The expectation is that 
herbivores grazing in the same field would be colonised by the same group of microbes due to 
cross contamination. This implies that cellulase activities would be very similar but this was 
not the case as exocellulase and endocellulase activities were consistently higher in H than in 
mH. Although a conclusive response about the type of microbes colonizing these ecosystems 
could not be reached in this study (microbial species were not investigated), it was suggested 
the microbial species were similar in herbivores grazing on the same field but vary in their 
fibrolytic potentials. Therefore, the higher exocellulase, endocellulase, TD and C in H was 
probably due to microbes that have evolved in the hindgut with their fibrolytic competence 
(Nagpal et al., 2011). True degradability, exocellulase and endocellulase activities were 
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highest in ZB than H and mH. The higher activity in ZB could be associated to four different 
factors; feed type (Varga and Kolver, 1997), microbial species, microbial population or 
genetically evolved microbes, since ZB was not grazing in the same field with mH and H.  
Microbial species and genetically evolved microbes with higher fibrolytic potential may be the 
main contributing factors for the higher activity in ZB. Although feed type is said to play a 
major role in influencing the type of microbes in an ecological niche (Xi et al., 2007), it was 
not considered to be a major factor in this study as all microbial inocula were cultured in the 
laboratory with the same feed before application. Therefore, more research is required to 
identify the microbial species in ZB with higher fibrolytic activity. 
 
 Increased ruminal fermentation of fibre has often been associated with higher fibrolytic 
microbial population but the factors stimulating this increase in population are not conclusive. 
Some of the possible mechanisms that could arise from rumen microbial inoculation include; 
(i) secretion of ionophores e.g. manosin which are lipid soluble ion transporters. Its antibiotic 
effect on certain microbes in the rumen has been well documented (Schelling, 1984). The 
effect of manosin on rumen fermentation include increase fibrolytic microbes, forage intake, 
propionate, fibre digestibility, protein digestibility, and reduced acetate, methane, butyric acid, 
ruminal deamination and proteolysis (Schelling, 1984), ii) Antibiotics secreted by microbes 
that might kill or reduce the population non-cellulolytic microbes hence an increase in 
fibrolytic microbes, iii) introduction of substrate specific microbes e.g. lactate utilizing 
microbes that will increase rumen pH hence promoting the growth and activity of fibrolytic 
microbes and iv) introduction of facultative microbes such as yeast which has been reported to 
utilize oxygen in the rumen hence promoting anaerobiosis which is important for the growth 
of rumen microbes.  Consequently, more research is required to identify microbial species and 
their mode of action in improving forage fermentation.  
 
8.3 In vitro fermentation using faecal fluids of the horse, wildebeest and zebra  
 
Chapter 3 investigated the cheapest sources of inoculum and their preservation in the 
laboratory without compromising its overall effect on fermentation while chapter 4 applied the 
results established in chapter 4 to compare MS fermentation in three hindgut fermenters. In 
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chapter 5, the effect of different inoculum sources, horse (H), wildebeest (WB) and zebra (ZB) 
and their combinations (N1=H+WB, N2= H+ZB, N3=WB+ZB and N4=H+WB+ZB) on MS 
fermentation was examined. The individual systems were chosen for this experiment based on 
their high fibrolytic and degradability activities (chapter 4 and Fon (2006) ). The results 
obtained from both enzyme and degradability studies showed for combined systems that the 
fibrolytic and degradability activities on cellulose and MS, respectively, were generally higher 
compared to the individual systems. This result confirms that interspecies trans-inoculation of 
rumen or hindgut microbes is possible in vitro and could go a long way in improving forage 
fermentation. Similar results have been observed by Lee et al. (2004) when they studied the 
effect of rumen anaerobic fungal culture on cumulative gas production, cellulose digestion, 
microbial population and enzyme activities in vitro. Other in vitro fermentation studies have 
also reported a positive increase in the efficiency of fibre utilization but not on the extent of 
forage digestibility (Martin and Nisbet, 1992; Lee et al., 2000). Inoculating the H with 
microbes from WB, ZB and WB+ZB increased TD by 22, 3.7 and 14.9%,   respectively, while 
WB supplementation with H, ZB increased TD by 22.3 and 0.2% respectively. True 
degradability was suppressed in WB when supplemented with H+ZB. The reason for this 
suppression was not clear but could be associated to microbial competition during 
colonization of ecological niche (Chen and Weimer, 2001). If the dominant microbial species 
in the new system have a relatively lower fibrolytic activity then the overall fibrolytic activity 
was bound to decrease as observed in H+ZB inoculation. When the ZB  system was 
supplemented with microbial inoculum from WB, H and H+WB TD increased by 15.5, 2.9 
and 13.9% respectively. It is tempting to conclude from this experiment that systems H, WB 
and ZB will be best supplemented with microbial inoculum from WB (N1), H (N1) and WB 
(N3), respectively. Therefore, the application of this technology in vivo can be of a greater 
benefit to livestock production especially in the developing countries where ruminants are 
predominantly maintained on low grade roughages and/or graze on degraded range land 
resulting in poor nutrient utilization and productivity.  
 151 
8.4 Cellulase production from five in vitro herbivore microbial ecosystems and their 
combined systems 
 
Rumen or hindgut fermenters rely on anaerobic microorganisms (bacteria, protozoa and fungi) 
to produce fibrolytic enzymes for the degradation of forages (plant cell wall degradation) 
while the host animal provides the anaerobic fermentation chamber with feed, buffering 
capacity and regulate the rumen temperatures (Krause et al., 2003). This symbiotic 
relationship is of critical importance to the productive efficiency of the animal especially 
under extensive grazing systems. The diversity of rumen microbes (bacteria, protozoa and 
fungi) is said to be extensive with less that 10% of the extent of ruminal bacteria diversity 
cultured (Hungate, 1984; Krause and Russell, 1996). Therefore, the suggestion that 
representatives of all the major functional groups of rumen microbes isolated can give a clear 
and precise understanding of the rumen is not true. This is because evolution is a slow and 
continuous process, hence, microbial evolution with better fibrolytic activities is eminent. 
Although the microbial diversity is extensive, the mechanism of fibre breakdown is similar 
with the secretion of three major enzymes; exocellulase, endocellulase, and cellobiase (Bayer 
et al., 1998a; Bayer et al., 1998b). However, a second theory explains a greater level of 
complexity observed in some anaerobic microbes where several cellulases are grouped into an 
enzymatic complex called cellulosome (Bayer et al., 1998a). In vitro enzyme assay and 
degradability studies in chapter 5 clearly indicates that rumen transinoculation increased 
cellulase activity and true degradability compared to the individual systems. Whether this 
increment was due to increases in cellulase population or evolved cellulase enzymes from the 
wild, was not clear.  
 
Chapter 6 examined the different individual and combined ecosystems for cellulase diversity. 
All seven in vitro microbial ecosystems were active and demonstrated different types (size) 
and numbers of carboxymethyl cellulases (CMCases). The number and types of CMCases was 
generally lower in fresh samples than in the cultured individual systems. The higher number in 
cultured systems was due to an increased specific microbial population during culturing 
compared to fresh samples where specific microbial concentrations might be limiting (chapter 
5). Limiting microbial population of a particular species implies limited enzyme 
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concentrations to be detected on the gel. It is possible to conclude that CMCases diversity in 
these systems is extensive but conclusion on the specific type of enzyme is dodgy. This is 
because the size (kDa) variation of the different proteins that exhibited CMCase activity was 
bigger than what was available in the protein data systems hence enzyme affinity purification 
is required to make conclusion. The overlapping activity of cellulase enzymes and 
cellulosomes makes it even trickier to draw absolute conclusions on the specificity of these 
enzymes. Some crystalline cellulases have the potential of hydrolysing both crystalline 
cellulose and carboxylmethy cellulose (Knowles et al., 1987). This was clearly demonstrated 
in the study carried out by  Vuong and Wilson (2009) where mutant enzymes were capable of 
hydrolysing up to five substrates (CMC, phosphoric acid-treated cotton, filter paper, bacterial 
microcrystalline cellulose and phosphoric acid-swollen cellulose).  The results obtained from 
this chapter (6), confirms the extensive diversity of CMCases in all seven five systems despite 
the existence of common cellulases in all ecosystems. This is a clear indication that 
transinoculation has the potential of introducing microbes which have evolved with its ability 
to digest fibre. However, more research is still required to purify these enzymes, identify their 
specific activity as well as sequencing and characterization before their application can be 
validated in the feed market. 
 
8.5 The effect of direct-fed microbials on ruminal fermentation of maize stover in sheep 
 
Systems N1 and N3 were chosen as inoculants for in sacco degradability of MS in sheep 
because of high TD and cellulase enzymes diversity (chapter 5 and 6). It could be questioning 
why N3 was chosen over WB and N2 with a higher exocellulase activity and TD values that 
were similar. The fermentation parameters GP, total SCFA, and propionic acid were higher in 
N3 by 8.4 and 24, 52.3 and 26, and 1.8 and 1.4% than in WB and N2 respectively. Higher MY 
and total SCFA implies more microbial protein and energy metabolites (SCFA) for the host 
animal (Hungate, 1984; Armentano, 1992; Wanapat, 2000; Krause et al., 2003) which are the 
main objectives of most research.  Inoculating sheep with direct-fed microbials from N1 and 
N3 increased rumen exocellulase and endocellulase specific activities but not hemicellulase 
activity. Increased cellulase activity could be associated with three factors; i) increase in 
cellulolytic microbial population (Martin and Nisbet, 1992; Lee et al., 2000), ii) the 
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introduction of superior fibrolytic microbes from inoculants and iii) the introduction of 
cellulolytic microbes growth promoting factors by inoculants (Martin and Nisbet, 1992). 
Interactions among these factors are also possible e.g. the introduction of a superior 
cellulolytic microbial strain which has the potential of competing and colonizing an ecological 
niche would increase its microbial population and exert a greater influence on fibre hydrolysis. 
Although the exact stimulant for the increase in cellulase activity was not conclusive, one of 
the objectives of this trial was achieved (increase in cellulase activity).  
 
A lower hemicellulase activity in N1 and N3 was not expected and was very difficult to 
explain. However, this was probably due to partial inhibition of hemicellulolytic microbes by 
proteins or anti-growth factors from the game herbivores (WB and ZB). The game herbivores 
were previously observed with lower hemicellulase activities compared to that of the H 
(chapter5). Feed dry matter intake increased in N1 as observed by Krehbiel et al. (2003) but 
tended to increase when inoculated with N3 (Arcos-García et al., 2000; Malik and Bandla, 
2010). The feed intake results are promising as most   probiotics or direct-fed microbial 
studies tend to improve the efficiency of feed utilization than intake. In sacco degradability 
parameters of MS (B, PD and C) were similar between the treatments and control. These 
results were similar to those obtained by Aydin et al. (2009) where direct-fed microbials plus 
enzyme supplementation on the fattening performance of Holstein young bulls at two different 
initial body weights were studied. The digestibility parameters (average daily and total weight 
gains, final weight and DMI) measured were numerically different (1.8, 3.6, 2.9 and 0.2% 
respectively) but not statistically significant. However, some of the rumen fermentation by-
products measured (total SCFA, acetic acid and propionic acid), showed that N1 and N3 have 
the potential of increasing average daily weight gain (Aydin et al., 2009; Malik and Bandla, 
2010), live weight  (Adams et al., 2008) and milk production (Nocek and Kautz, 2006). This 
was further confirmed by a small increase in MS degradability for both N1 and N3 between 
the 10-25 h of incubation. The indifference in B and PD between the treatments and controls 
may be due to longer dosing periods. Reducing the dosing time from three days interval to 
daily interval may improve forage fermentation. A similar study by Paul et al. (2011) also 
observed a decreased in dry matter degradability and enzyme activities post dosing with 
direct-fed microbials. Different dosing times have been adopted by different researches; for 
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instance twice daily through the fistula (Nocek et al., 2002) or rationed feed (Lee et al., 2000; 
Raeth-Knight et al., 2007; Arthur et al., 2010), once daily through a fistula (Raeth-Knight et 
al., 2007) and weekly (Paul et al., 2011). The dosing time and method of dosing depends on 
the research objectives (Malik and Bandla, 2010). Daily dosing was not applied in this study 
because microbial adaptation over time was being tested. The expectations were that, 
cellulolytic microbes from the inocula that survive rumen microbial hydrolysis and colonize a 
particular niche in the rumen would continue to exist and exert its fibrolytic activities.    
 
One of the shortcomings of this research was that the different types of microbes in the 
inocula (N1 and N3), sheep rumen fluid and rumen inoculated fluid were not identified. Only 
the overall effect of these microbes on MS fermentation was measured. Knowledge about the 
different types of microbes especially the cellulolytic microbes and their population would 
have been very useful in explaining some of the outputs observed (higher exocellulase activity 
and rate of degradation of MS in N1 but lower total SCFA and PD, and an increase in 
exocellulase activity and total SCFA in N3 inoculated sheep). A study carried out by Paul et 
al. (2004) showed that increased in total tract digestibility and SCFA when supplemented with 
a specific fungal strain was associated with increases in cellulolytic (2.5 fold), 
hemicellulolytic (2.9 fold), total bacteria (2.5 fold) and fungal counts (4.4 folds). Similar 
results also associated with increases in microbial population have also been reported (Lee et 
al., 2000; Paul et al., 2011). It is also speculated that some microbes secrete proteins (peptides, 
oligopeptides or antibiotics) that stimulate microbial growth (Hernandez-Diaz et al., 2010). 
The mechanisms of such proteins are very complex but can be explain in very simple terms. 
Some of the mechanisms include the suppression of lactic acid producing microbes activity, 
stimulating lactic utilising microbes to use up lactic acid and inhibiting microbes competing 
for the same ecological niche (Baah et al., 2009). All these factors would contribute to a net 
increase in the dominant cellulolytic microbes hence an increase in fibre breakdown.  
 
Rumen fermentation products measured after incubation with direct-fed microbials vary from 
one study to another. In this study, total SCFA increased in N3 (Dey et al., 2004) but 
decreased in N1 which is similar to those observed by Paul et al. (2010). Short chain fatty 
acids proportion also varied among the treatment and the control. The variation observed in 
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molar proportion of SCFA in N3 and N1 were similar to those observed by Paul et al. (2010). 
This implies that different inocula may affect the rumen differently depending on the type of 
microbes it harbours. These microbes may affect rumen fermentation by either increasing or 
decreasing one of the following parameters: total SCFA, acetic acid, propionate acid, butyric 
acid, CH4 and CO2 (Sehgal et al., 2008; Shelke et al., 2009; Mamen et al., 2010; Paul et al., 
2010). Inoculating sheep with N3 decreased CH4 production which is similar to the results 
obtained by Paul et al. (2010). Improving forage utilization without increasing CH4 production 
will be a major achievement as CH4 production by ruminants has been linked with global 
warming. Although the total methane contribution of all the factors that leads to global 
warming is less than 2%, it is very essential as it is 21 times more effective than CO2 (Song et 
al., 2011). Therefore, identifying the superior fibrolytic strains and those that secrete factors 
which promote the proliferation of fibrolytic microbes would improve forage fermentation and 




Laboratory cultured faecal inoculum is a better substitute for rumen fluid than fresh faecal 
inoculum. In vitro fermentation of MS and cellulases enzyme assays by laboratory cultured 
faecal inocula from H, mH and ZB showed that hindgut microbial species from both wild and 
domestic herbivores may be different in their fibrolytic potential. These inocula vary in their 
ability to degrade fibre in vitro with the ZB being the most active, followed by H and lastly 
mH. Further investigation on the fibrolytic competence of microbes in chapter 5 where H, 
WB, ZB and its combined systems were investigated in vitro, showed that the combined 
systems N1 (H+WB), N2 (H+ZB), N3 (WB+ZB) and N4 (H+WB+ZB) fibrolytic competence 
were higher than those of the individual systems based on their exocellulase activities and true 
degradability of maize stover. The digestibility parameters TD, GP, PF, total VFA and B, 
ranked the microbial ecosystems according to their fibrolytic potential as N3 > N1 > N4 > WB 
> N2 > ZB >H.  
 
The fibrolytic competences of the different inocula (H, WB, ZB, N1, N2, N3 and N4) were 
confirmed by the variation in carboxymethyl cellulase bands observed on carboxymethyl 
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cellulose zymograms. Systems N1 had the highest number of proteins with carboxylmethy 
cellulase activities. Although cultured CW, mH, N2, N4, WB, ZB and H had almost the same 
number of carboxylmethy cellulase bands, fewer bands were observed with the same 
molecular weights showing the diversity of these systems. The activities of sheep cellulases 
increased while hemicellulase did not when inoculated with N1 and N3 systems. Although PD 
and B were similar between N1 and N3, its C and Total SCFA values shows that, these 
ecosystems possess the potential of improving fibre utilization in ruminants.  
 
Achievements in this study include; i) the preservation of faecal inoculum in the laboratory 
using very simple laboratory technique (reduces the cost on daily collection of faecal inocula 
for fermentation studies), ii) establishing microbial competence variation on MS fermentation 
between hindgut fermenters grazing in the same field, iii) identification and creation of 
synergistic (combined) systems with variable potential of digesting forages and iv) the 
identification of system N1 and N3 with the highest potential of improving fibre breakdown in 
ruminants. The major advantage of this study is its simplicity and availability to all livestock 
farmers for the improvement of rumen fermentation especially for straws in the developing 




The results obtained from Chapter 3 showed that whole rumen fluid and faecal inocula can be 
preserved in the laboratory for 42 days. However, seven days preservation would be 
recommended for future in vitro studies as exocellulase activity and microbial fermentation of 
MS were higher during this period. Culturing a faecal inoculum is also advisable as the daily 
cost incurred for transportation to the laboratory was saved. However, more research is still 
required to explain the low fermentation observed after day 7 when provided with fresh 
nutrients. 
 
Chapter 4 and 5 showed that herbivores in the wild harbours microbes of different fibrolytic 
potentials. The numerous cellulase activity bands observed on the zymograms in Chapter 6 
confirms the differences that exists between these herbivores systems in the wild.  Therefore, 
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using faecal inocula from the ZB, WB, H, N2 and N3 as a crude sample for screening 
potential fibrolytic microbes would be recommended.  The results from this study also show 
that N3 inoculum is suitable for screening fibrous feed in in vitro fermentation studies.   
 
Attempts to transinoculate inocula from N1 and N3 to sheep was successful as indicated by 
true degradability and total VFA increases in N1 but tended to increase with N3.  Therefore, 
using N1 for transinoculation study in sheep can be recommended for future studies. However, 
more research is needed in other to improve on the results obtained in this work. We would 
need to: i) identify, purify and classify the different cellulolytic microbes; ii) separate superior 
cellulolytic microbes and identify their mechanism of action; iii) optimize the dosage and the 
dosing interval; and iv) to use more animals to perform in vivo digestibility and animal 
performance studies to ascertain the effect of feasible systems. 
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